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ABSTRACT 
 The root system is important for plant adaptability to changing environments. Although 
the importance of the root system is well reported in the research literature there is still a 
considerable lack of knowledge with regard to the development of root systems per se, and how 
root system complexity contributes to plant performance under abiotic and biotic stresses. In 
order to close this knowledge gap, we first investigated the genetic basis of embryonic and post-
embryonic maize root systems complexity. We define root complexity as the number of root 
branching points per soil volume.  In subsequent studies, we evaluated the change of maize roots 
under low and adequate nitrogen levels and determined relationships between root characteristics 
and agronomic traits. The use of segregating populations (Chapter 1) and a North Carolina III 
crossing design (Chapter 2) allowed us to map regions in the maize genome involved in the 
inheritance of maize root complexity. In addition, we were able to estimate for the first time 
quantitative genetic parameters that characterize maize root complexity.  This study was only 
possible because we developed an image based high-throughput root evaluation system. The 
application of this evaluation system allowed us to determine root complexity measures with yet 
unparalleled accuracy.  We determined the complexity of a root system by calculating its fractal 
dimension (FD). We assumed that roots with a higher FD value explore a larger portion of the 
soil profile than roots with a smaller FD value. In addition, we accessed for the embryonic root 
system the primary root length (PRL), lateral root length (LRL), lateral seminal root number 
(LSRN), and lateral root number (LRN), and for the post-embryonic root system the root angle 
(RTA) and the stem diameter (STD). 
 
 Two hundred thirty-one recombinant inbred lines (RILs) of the intermated B73×Mo17 
(IBM) population were used.  We choose this publically available population because all RILs 
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were already genotyped with a large number of molecular markers, and both parental inbreds 
differ significantly for their above plant architecture. A large number of significant QTL were 
detected for all traits used to evaluate the embryonic and postembryonic root systems. The 
number of detected QTL varied between four for FD2 (embryonic root system) and 26 for PRL1 
(embryonic root system).  Subsets of these QTL were located in regions previously found by 
other studies or collocated with known and mapped root mutants. We detected no relationship 
between embryonic and postembryonic root system complexities. Although, many traits of the 
embryonic root system displayed moderate to high correlation coefficients. In general the same 
traits evaluated four and eight days after germination were highly related. For the postembryonic 
root system we found tight associations between FD values determined for images of the same 
root, which captured different parts of the roots. For the follow up studies, we focused on the 
most informative 60 IBM RILs, which displayed extreme root complexities. By crossing each 
RIL with both parental inbreds, we formed a North Carolina Design III population, which 
allowed us to estimate the degree of dominance involved in the inheritance of root complexity. 
First, we investigated the relationship between root complexity and root angle and above ground 
plant traits (Chapter 2). In total, seven above ground traits were measured, i.e., plant (PHT) and 
ear height (EHT), anthesis-silking interval (ASI), chlorophyll content using a SPAD meter 
(SPAD), plot yield (YLD) and grain yield per plant (GYT), as well as STD. Some of the most 
interesting results were the moderate correlations between PHT and EHT with YLD, GWT, FDV 
and RTA, RTA with YLD and GWT, FDH with FHV, STD with FDV and FDH, and the 
negative correlation between RTA and STD. We also confirmed previously reported results such 
as the significant relationship between RTA with grain yield. A large number of significant QTL 
were detected for all traits, the range varied between three for SPAD, FDV, and FDH, and 11 for 
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ASI. No information was yet available about the average level of dominance for root complexity 
and root angle. As one of the first studies in this area, we were able to show that these root traits 
display partial dominance and significant heterosis. Second, we studied the effect of two 
different nitrogen rates on root fractal dimension, RTA, and STD (Chapter 3). This study is of 
particular importance due to the strong association between the amount of plant available 
nitrogen and yield. We found that in our experiments nitrogen treatments did not have a 
significant effect on any of the measured traits. Moderate to high heritability and genetic 
correlations were found for most of the measured traits. A large number of significant QTL were 
detected for all traits varying between two for RTA and five for FDH. 
 
  This study was possible because we developed a high-throughput image analysis system 
composed of integrated hardware and software components to evaluate root complexity. Further 
improvements of this system allowed us to measure other traits like RTA and STD. The 
application of the system led to more accurate estimates of phenotypic and genotypic parameters. 
Regarding the several experiments, traits measured for the embryonic root system displayed 
moderate to high correlations and heritability but no significant correlations were found between 
embryonic and postembryonic root system. Based on our results, we hypothesized that different 
mechanisms might be involved in root development for the embryonic and postembryonic root 
system. When assessing the relationships between root traits and above ground traits several 
characteristics displayed moderate correlations, e.g., RTA and yield. We also discovered that 
root complexity and RTA displayed partial dominance and heterosis. This information together 
with our insights in the genetic architecture of root complexity and its relationship to agronomic 
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performance will play a pivotal role in designing more efficient selection strategies to improve 
tolerance to abiotic and biotic stresses in maize.  
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CHAPTER 1 - Genetic Analysis of Root Complexity in Maize (Zea mays L.)
1
 
 
1.1 Abstract  
 The root system is important to improve plant adaptability to environmental changes. The 
overall goal of this study was to add new information about traits affecting root development and 
complexity to the limited amount of research literature available in the area. A total of 240 
recombinant inbred lines (RIL) derived from the intermated B73×Mo17 (IBM) population were 
used. The RILs plus the parental lines were grown in germination paper towels in a growth 
chamber. The experiment was randomized using an alpha lattice design with two replications. 
Digital images of each root system were taken at days four and eight after germination. For each 
root system image, the fractal dimension (FD), primary root length (PRL), lateral root length 
(LRL), lateral seminal root number (LSRN) and lateral root number (LRN) was determined. A 
large number of significant QTL were detected for all traits. The number of detected QTL varied 
between four QTL for FD2 and 26 QTL for PRL1.  A subset of these QTL was located in regions 
previously found by other studies or collocated with known root mutants. Many of the measured 
traits for the embryonic root system displayed moderate to high correlation coefficients, e.g., 
FD1 with PRL1, FD1 with FD2, and LSRN1 with LSRN2. A set of 231 RIL derived from the 
IBM population were grown in the field as an incomplete block design with two replications. 
Five plants of each genotype were acquired and the fractal dimension was measured using digital 
images. Significant differences between RILs were found for all traits. No association was found 
between traits for the embryonic and the postembryonic root system. Both parental inbreds 
contributed trait-increasing QTL alleles. For FD between 23 and 25 QTL were found explaining 
                                               
1
 Reprinted, with permission, from Elsevier Ltd, 2011, “High-Throughput Phenotyping Technology for Maize Roots”, Biosystems 
Engineering 110: 40-48. 
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between 37.1% and 46.5% of the phenotypic variation, respectively. Several chromosomal 
locations were found in common between traits developed in this study and root traits measured 
in other studies. Here we demonstrated that our novel approach of characterizing root system 
complexity provides the statistical power to locate regions in the maize genome carrying genes 
involved in the inheritance of root complexity. In further studies the impact of root complexity 
on plant performance needs to be investigated.  
 
 
1.2 Introduction 
 Root system development is determined by genetic and environmental factors and their 
interactions.  Three main functions are commonly attributed to root systems, i.e., absorption of 
water and nutrients, as well as plant anchorage (Lynch, 1995).  A maize root consists of two 
main systems, one system is formed during embryogenesis and developed during germination, 
whereas the second root system structure is formed during postembryonic development 
(Feldman, 1994). The embryonic root system or primary root system consists of a primary root 
and a variable number of seminal roots. The numbers of seminar roots differ based on the genetic 
background and vary between zero to 13 (Feldman, 1994, Hochholdinger et al., 2004). The 
embryonic root system is the dominant system for about the first two weeks after germination. 
Following this early root development the postembryonic structure becomes dominant 
(Hochholdinger et al. 2004). The postembryonic, or secondary, root system consists of shoot 
borne and lateral roots. The class of shoot borne roots is divided into crown roots, i.e., roots 
formed below the soil surface, and brace roots, i.e., roots build aboveground (Hochholdinger et 
al. 2004). Lateral roots together with root hairs play an important role in the absorption of 
nutrients and water by increasing the root’s surface area (Hochholdinger et al. 2004).  
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 Roots respond to gradients of water and to macronutrients and micronutrients that are 
heterogeneously distributed in the soil matrix by continued and directed root growth. However, 
the ability of a maize genotype to respond and to forage in this heterogeneous environment is 
determined by its genetic make-up and by abiotic conditions, like soil type, and temperature, and 
biotic factors, as, insect pests, diseases, nematodes, weeds, and competition by other maize 
plants. Plants need to develop root systems within their genetic parameter space that integrates 
all abiotic and biotic environmental factors to optimally support plant performance.  Root 
systems respond to constraints by adjusting lateral root number and growth. The capacity of a 
root system to overcome challenging environmental conditions will determine plant 
performance.  The efficiency of the nutrients uptake by the roots is a function of the nutrient 
concentration in the soil and the ability of the root to absorb these nutrients. The uptake of 
nutrients is improved by the portion of the root system in contact with the nutrient (Gao et al. 
1988). Three mechanisms are involved in the uptake of nutrients by the plant: diffusion, mass 
flow and root interception. For immobile nutrients, like phosphorous, root interception is 
probably the most important mechanism. The concentration and distribution of nutrients in the 
soil shapes root development and architecture (Nielsen et al. 1999; Kaeppler et al. 2000; López-
Bucio et al. 2003). 
 
 Root architecture is defined by Lynch (1995) as “the spatial configuration of some 
complex assemblage of subunits, with the implication that the overall configuration has some 
functional significance”. The root system architecture is an elaborated and plastic structure able 
to adapt to different environmental conditions (Williamson et al. 2001). Part of the plasticity 
displayed by plant root systems can be explained by genetic differences between genotypes and 
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their interactions with the environment. To better understand this plasticity roots have been 
evaluated for a large set of traits, which includes root length, root angle, number of roots, root 
pulling resistance, root diameter, root dry weight, among others. Although the postembryonic 
root system is the dominant system, most of the studies for root characteristics have been done 
for the embryonic root system. Zhu et al. (2005) used the 160 recombinant inbred lines plus the 
parental lines of the IBM population to measure root length, number and primary seedling root 
plasticity for different phosphorus solutions using paper rolls. Several QTL were identified for 
the response of phosphorus availability. Hoecker et al. (2006) used four maize inbred lines and 
12 reciprocal crosses to study heterosis at early stages of root developments using paper rolls. 
Primary root length and width, number of seminal roots, and lateral root density were estimated 
at different days after germination. All traits displayed some level of heterosis. Trachsel et al. 
(2009) evaluated 236 RILs from the cross between CML444 with SC-Malawi for water stress 
induced by varying concentrations of PEG-8000. After germination, the roots were transferred to 
moistened blotting paper and placed in growth pouches. Several root traits were measured by 
scanning the blotting papers. Many of the QTL detected for their study overlapped with QTL 
detected for axile root traits and lateral root traits suggesting the presence of genes controlling 
several root traits. From the previous examples, we can find a wide range of methods, traits and 
instruments to measure characteristics of the embryonic root system. However, as time goes by 
the root system starts to enlarge and the challenge to measure root traits become higher. 
According to Kiesselbach, T.A. (1980) functional crown roots have about a total combined 
length of 106 meters, these creates constrains in how to measure traits for the postembryonic root 
system. To improve the knowledge about the postembryonic root system modern techniques and 
measure of unconventional traits, such as fractal dimension, should be applied. 
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 We define root complexity as the number of branching points per unit soil volume. The 
complexity of a root system increases with the number of branching points it possesses.  
 
 As a consequence, root systems with larger number of branching points, i.e., high 
complexity, are assumed to be able to explore the soil matrix more intensively than root systems 
with fewer branching points, i.e., low complexity. Therefore, we assume that the complexity of a 
root system is a major factor defining the capacity of root systems to acquire water and nutrients 
under stress and no-stress growing conditions. In addition, root complexity could also be 
involved in plant stability (Novais, 2008). To quantify root complexity we estimate the fractal 
dimension (FD) of root systems. FD was first introduced by Mandelbrot (1982). One main 
property of a fractal object is its self-similarity. The term self-similarity designates an object that 
is scale invariant or observing an object at different scales provides the same information. This 
characteristic is important since it allow us to make inferences to the entire root system even 
 
Branching points  0 1 2 8 
Complexity  
 
Fractal Dimension 
 
 
 
 
 
 
Soil face explored  
 
  
Fig. 1.1    Diagram displaying four generalized plants with root systems differing in 
the number of branching points and the relationship between the number 
of branching points, “complexity”, fractal dimensions, and the soil face 
explored by each root system.  
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when only a small portion of the root core is available for evaluation. Several root studies 
successfully used FD. Tatsumi et al. (1989) analyzed root morphology by combining imaging 
processing and fractal geometry; Fitter and Stickland (1992) evaluated topology and geometry of 
different grasses and dicots. Eghball et al. (1993) described the change of root morphology under 
nitrogen stress; Lynch and van Beem (1993) studied root architecture in common beans 
(Phaseolus vulgaris L); Akasaka and Yoko (1998) studied morphologic alteration of a Spanish 
type peanut (Arachis hypogaea); Masi and Maranville (1998) evaluated  branching in sorghum 
(Sorghum bicolor (L.) Moench); Nielsen et al. (1999) contrasted FD with other root traits of 
common beans (Phaseolus vulgaris L.) growing under low P conditions.  
 
 To determine the genetic basis of root architecture multiple QTL studies were conducted. 
According to Lebreton et al. (1995) they conducted “the first comprehensive analysis of the 
location of QTL for traits determining the responses of plants to drought stress.” However, with 
the increased availability and improvement of molecular markers and techniques since then 
many more QTL studies have been reported for root traits. When conducting QTL studies power 
is one main concern. The power of QTL detection is a function of the size of the population and 
the heritability of the trait (Lande and Thompson, 1990). Small mapping populations not only 
lead to lower QTL power detection, but also to an overestimation of the QTL effects (Bernardo, 
2010).  A complex trait according to Beavis (1994) is “any trait that does not exhibit classic 
Mendelian inheritance attributable to a single genetic locus”. Complex traits are generally 
governed by many QTL with small effects, gene by gene interactions, and pleiotropic effects. 
Our previous work on root complexity showed that root complexity has a continuous 
distribution, bell-shape curve, governed by many QTL with small effects, so power to detect 
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QTL is a concern in our experiments. Beavis (1994) simulated an experiment for F2 populations, 
where the experimental design consisted of 10 and 40 QTL that explained 30, 63, and 95% of the 
heritability in F2 population of size 100, 500 and 1000.  
 
 
 
         
Fig. 1.2 Effect of sample size and heritability on power to detect QTL. 
 
 Looking at the graphics we can see that with small population sizes for 10 QTL, the 
power of QTL detection improves as the heritability increases. However, for 40 QTL using 
populations of size 100 the power to detected QTL was very low independent of the trait 
heritability. But with increasing population sizes and heritabilities the power of QTL detection 
increases. One of the limitations of our work is the relative small sample size of 231 genotypes. 
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However, increasing the number of genotypes also means that a significant large number of 
plants must be uprooted. We can improve the power to detect QTL by working with traits that 
are highly heritable. Also, the improvement of programs and algorithms to detect QTL has 
opened new ventures to discover genes associated with a certain trait of interest.   
 
 The overall goal of this study was to contribute to the scarce information about root 
complexity and root development using images of embryonic and postembryonic root systems of 
maize. To achieve this goal a novel software was developed for root image processing and 
complexity calculations. The specific objectives of this study were to (1) evaluate a large set of 
maize recombinant inbred lines (RIL) derived from the four times random-mated IBM 
(B73×Mo17) population for the complexity of embryonic and postembryonic root systems using 
FDs, (2) estimate quantitative genetic parameters for root complexity, (3) map and characterize 
quantitative trait loci (QTL) for the measured traits, and (4) compare our QTL results with other 
QTL reported for plant architecture including root, leaf, and tassel characteristics. 
 
1.3 Materials and Methods 
1.3.1 Germplasm 
 A set of 240 recombinant inbred lines (RILs) from the intermated B73 × Mo17 (IBM) 
population were used. These RILs were developed by continuous selfing of randomly selected 
individuals from a four times intermated F2 population developed from the cross between the 
maize inbreds B73 and Mo17 (Lee, et al. 2002). The inbred B73 belongs to the Stiff Stalk 
Synthetic heterotic group, whereas Mo17 is a non-Stiff Stalk inbred derived from the Lancaster 
group.  
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1.3.2 Experimental Design 
1.3.2.1 Embryonic Root System  
 According to Novais (2008) “the population was subdivided into five sets of RILs. Each 
set was comprised of the parental inbreds B73 and Mo17 as single entries and 48 RILs. The sets 
were evaluated in separate experiments. The experimental design for all experiments was a 10×5 
α design with two replications. All seeds were surface sterilized with a commercial 6% Clorox® 
solution for 10 minutes followed by three washes with distilled and sterilized water. For each 
genotype, five seeds were placed in the upper third of a non-toxic germination paper with the 
embryo facing the bottom of the germination paper. The space between the seeds was adjusted to 
prevent contact between different root systems. Each germination paper was moisturized with a 
Captan® (BAYER) 2.5 g l
–1
 solution, and then rolled up vertically. Five rolled germination 
papers were placed vertically in a 2.5 l plastic container with 750 ml of distilled water plus 20 ml 
of Captan solution. All experiments were conducted in a germination chamber without 
illumination at 28ºC and 100% relative humidity. According to the field experiment terminology, 
each germination paper was regarded as a single plot and each plastic container as an incomplete 
block”. 
 
1.3.2.2 Postembryonic Root System  
 Each plot was a single row of 4.6 m length with 0.76 m between rows. Plots were 
composed by 25 plants/row (71,525 plants/ha). The experimental design was an incomplete 
block design with 235 entries, two replications, 47 incomplete blocks and five entries per block. 
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1.3.3 Image System 
1.3.3.1 Embryonic Root System  
 According to Novais (2008) the images were taken four days (Time 1) and eight days 
(Time 2) after germination with a Sony Cybershot 5.0 megapixels digital camera. The camera 
was mounted on a stand to standardize the imaging process. To enhance the image quality  
background surface and the light in the room were taken into consideration. The images were 
acquired and saved in Joint Photographic Expert Group (JPEG) format. A software package was 
developed to process the digital images of the maize embryonic root systems. The software 
package consisted of MatLab® (MATHWORKS) subroutines with the following six-step 
procedure. 
Step 1: The RGB i.e. Red Green Blue, image was converted into a grey scale image. 
Step 2: A square region of interest of the image containing the root was selected to 
accommodate the requirements of the program used to estimate the FD. 
Step 3: Thresholding was used to convert the grey-scale images into binary images. 
Step 4: Histogram equalization was applied to further improve the image. 
Step 5: The image was smoothed to remove noise by applying a median filter. Among all 
filters of equal size the median filter has an excellent noise reduction capability 
(Gonzalez and Woods, 2002). 
Step 6:    Estimate FD. 
 
1.3.3.2 Postembryonic Root System 
 A “soft box” was constructed (Fig. 1, Appendix A). It consists of a box structure with an 
inner dimension of 61cm squared, by 122cm tall, made from non-reflective white furniture 
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panels, with two “shelves”. The top shelf contains dual diffusing cloths made from a low-cost 
white sheet material, (not drawn in the figure). Two monochrome cameras (Unibrain Fire-i 
701b), with a maximum resolution of 1280*960 pixels were mounted, one in the “bridge” 
between the diffusing cloths in the top 20 shelf, and another in a side panel to obtain top view 
and lateral view images. The cameras were fitted with variable focus / variable aperture lenses 
with a focal length of 6 mm (Pentax C60607KP). The cameras were controlled by a program 
written in MatLab®, using an IEEE 1394 (FireWire®) interface. The bottom shelf served as a 
platform that contains a spike on which the root was pinned upside down, after punching a hole 
in the stalk. Underneath the spike, a stepper motor was mounted that rotated the root to obtain 
four lateral images. The stepper motor was controlled by a driver board (model KTA-196, Ocean 
Controls, Seaford BC, Australia) through a serial connection, under control of the same program 
that communicated with the cameras. As a light source, a standard photography incandescent 
bulb of 250 Watts was used. This bulb generated light with such intensity that under the 
diffusing cloths no shadow caused by the bridge containing the camera was observed in images. 
The soft box was fitted with a hinged door for easy frontal access. In addition to ensuring proper 
lighting, background subtraction was used to obtain high contrast images. This was 
accomplished in software written in MatLab®. Before the operator placed a root in the imaging 
box, the control program acquired two background images for each root, one from above and one 
from the side. Subsequently, the operator placed the root on the spike and, after closing the door, 
one top image and one lateral image were acquired. The machine then automatically rotated the 
root three times through 90 degrees, so that three more lateral root images were obtained. For 
analysis, the difference images between the background image and the image containing the root 
were used. Figure 1 (Appendix A) shows a composite image, where the top two images are 
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originals without background subtraction, and the bottom two images show the effect of 
background subtraction. It is clear that in the bottom images, the background has vanished, with 
minimal loss of detail. The left side images show the top views and the right side images show 
the lateral views of the root. Note that the lateral images are shown upside down, as they were 
acquired in the imaging box where the root was pinned upside down on the spike. 
 
1.3.4  Phenotyping 
1.3.4.1 Embryonic Root System 
 The same images were also used to evaluate primary root length (PRL), in cm, the 
number of lateral seminal roots (LSRN), the number of lateral roots on the primary root (LRN), 
and the lateral roots length on the primary root (LRL), centimetre. Estimates of LRN were based 
on a 1 to 5 rating scale, where 1 represents 0 to 20% of the primary root covered with lateral 
roots, and 5 represents 80-100% of the primary root covered with lateral roots. PRL and LRL 
were measured using the RooTracker Version 2, a program developed at Duke University for 
root image analysis. 
 
1.3.4.2 Postembryonic Root System 
 The first plant of the row was discarded to reduce environment effects and the next 
consecutive five plants were tagged with a barcode that contains pertinent information about that 
root and its position in the field layout. Before digging, each plant was cut at its third node and 
uprooted ensuring that for each plant a cubic volume of 0.3 m*0.3 m*0.3 m root core was 
recovered. After digging all plants were taken to the Agricultural Engineering Farm of the 
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University of Illinois for cleaning and imaging processing. Plastic tubs were filled with roots and 
water, and roots were soaked to remove most of the soil attached to the root system. Following 
this step, each root was thoroughly cleaned with high-pressure water jets. The average time 
require per root to dig, soaking and cleaning using high-pressure water jets was about five 
minutes. 
 
 
         
 
           
 
Fig. 1.3 Field sampling procedure. 
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1.3.5  Data Analysis  
1.3.5.1 Embryonic Root System 
All data sets of the plant material evaluated were combined and an analysis of variance 
(ANOVA) was performed applying the following model:  
yijklm = μ + αi + β(i)j + δ(ij)k + l + ijklm                                                                                 [Eq. 1]   
 Where yijklm represents the plot phenotypic mean for a particular trait of a genotype l, μ is 
the overall mean, αi is the random effect of the i
th
 set, β(i)j is the random effect of the j
th
 
replication in the i
th
 set, δ(ij)k is the random effect of the k
th
 block effect in the j
th
 replication of the 
i
th
 set, l is the fixed effect of the l
th
 genotype, and ijklm represents the random residual error 
NID (0,
 
2 ). Estimates of the genotypic variance ( 2ˆ g ), error variance (
2ˆ ), and phenotypic 
variance (
2ˆ
p ) as well as their standard errors were calculated as described by Searle (1971). The 
broad-sense heritability estimates (
2hˆ ) for the RILs were calculated on an entry-mean basis as 
described by Hallauer and Miranda (1988): )/ˆˆ/(ˆˆ 2222 rh gg   , where 
2ˆ
g  represents the 
genetic variance,
2ˆ  represents the error variance, and r represents the number of replications.  
Phenotypic (rp) correlation coefficients were calculated between traits by applying standard 
methods (Mode and Robinson, 1959). All the analyses were performed using SAS statistical 
software 9.2 (SAS Institute, 2010). 
 
1.3.5.2 Postembryonic Root System  
 LSMEANS of the plot means for all the individual traits were calculated using the model: 
yijklm = μ + αi + β(i)j +k + ijklm                                                                                                                                            [Eq. 2] 
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 Where yijklm  represents the plot phenotypic mean of a genotype k, μ is the overall mean, 
αi is the random effect of the i
th
 random replication, β(i)j is random the effect of the j
th
 block in the 
i
th
 replication, k is the random effect of the k
th
 genotype, and ijklm  represents the random 
residual error NID ),0(
2 . Estimate of the variance components for each trait were obtained in 
the ANOVA using a MIXED procedure. Correlations among traits were calculated from the 
mean values of each trait. The broad-sense heritability of each trait was estimate on an entry 
mean basis as described by Hallauer and Miranda (1988): )/ˆˆ/(ˆˆ 2222 rh gg   , where 
2ˆ
g  
represents the genetic variance,
2ˆ  represents the error variance, and r represents the number of 
replications. Phenotypic correlation coefficients were calculated among traits by applying 
standard methods (Mode and Robinson, 1959). All the analyses were performed using SAS 
statistical software 9.2 (SAS Institute, 2011). 
 
1.3.6 Fractal Dimension as a Root Complexity Indicator 
 The FD of the roots was determined from the top images as well as the lateral images 
using the classical “box-counting” method, which was implemented in a MatLab® program. 
This method consists of applying a fine grid across a binary image and counting the number of 
pixels that coincide with the root image. Subsequently, the grid size is increased by a factor 2 
and the procedure is repeated until the grid size is equal to the image size. Figure 2 (Appendix B) 
shows this process, with six images, where the resolution is decreased from 256*256 pixels to 
8*8 pixels from top left to bottom right. Each image resulted in a data point that indicated how 
many pixels in the image coincided with the root image. These points were used to calculate the 
FD as the slope of a line in a graph, where the logarithm of the number of intercepting pixels is 
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graphed against the logarithm of the reciprocal value of the grid size. The FD is a continuous 
variable ranging from one to two for two-dimensional images. For the subsequent statistical 
analysis fractal dimensions for vertical (FDV) and horizontal views (FDH) were averaged, 
respectively. 
 
1.3.7 QTL Analysis  
The genetic map for the IBM population (Davis et al., 2001) is comprised of  1000 
RFLP and  850 simple sequence repeat (SSR) markers (Coe et al., 2002). In this study, the 
genotypic data consisted of 1167 markers evenly distributed across the maize genome. A 
composite interval mapping approach was employed for QTL detection and estimation of the 
QTL effects the vertical and horizontal view. A LOD threshold of 5.06 was chosen for declaring 
a putative QTL significant, ensuring a comparison-wise error rate of P < 9.0*10
-6
 and an 
experiment-wise error rate of P < 0.01. LOD score maxima indicated the most likely position of 
a QTL in a chromosomal region under consideration. The proportion of phenotypic variance 
explained by all QTL was determined by the adjusted coefficient of determination of regression 
(R
2
.adj ) fitting a model including all detected QTL according to Hospital et al. (1997). The 
additive genetic effect for each QTL was estimated as a = (MB73 – MMo17) / 2, where MB73 
and 
MMo17 represent the phenotypic mean of all RIL carrying the allele of parents B73 or Mo17, 
respectively. The percentage of the total genetic variance was calculated as R
2
.adj
 
divided by the 
heritability (Dudley, 1994). The linkage map was plotted by scanning each chromosome in two 
cM steps. Two QTL were declared “common” if detected in the same BIN interval. All 
necessary calculations were performed with PLABQTL (Utz, 1998). 
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1.4 Results 
1.4.1 Phenotypic Evaluation 
1.4.1.1 Embryonic Root System Experiment 
FDs determined four days after germination (FD1) varied between 1.00 and 1.32. The 
FD1 mean for parental inbreds B73 and Mo17 was 1.15 (Fig. 1.2). Progeny means for FD 
determined eight days after germination (FD2) ranged from 1.01 to 1.27. The FD2 mean for the 
parental inbreds B73 and Mo17 were 1.16 and 1.19, respectively (Fig. 1.3). Heritability estimates 
were moderate for FD1 (0.51) and for FD2 (0.53) (Table 1.1). The phenotypic correlation of FD1 
with FD2 was highly significant (P < 0.001) and of moderate size (rp = 0.72) (Table 1.3). 
 
 Primary root length four days after germination (PRL1) varied between 7.57 and 26.66 
cm. The mean for the parental inbreds B73 and Mo17 were 17.39 and 19.37 cm, respectively 
(Fig. 1.4). Primary root length eight days (PRL2) after germination varied between 8.95 and 
32.43 cm. The mean for the parental inbreds B73 and Mo17 was 18.07 and 22.46, respectively 
(Fig. 1.5). Heritability estimates were moderate for PRL1 (0.48) and for PRL2 (0.39) (Table 1.1). 
The phenotypic correlation of PRL1 with PRL2 was highly significant (P < 0.001, rp = 0.93) 
(Table 1.3). 
 
Lateral root length four days after germination (LRL1) varied between 0.34 and 1.39 cm. 
The LRL1 mean for parental inbreds B73 and Mo17 was 0.71 and 0.79 cm, respectively (Fig. 
1.6). Lateral root length eight days (LRL2) after germination varied between 0.33 and 1.41 cm. 
The mean LRL2 for parental inbreds B73 and Mo17 was 0.88 and 0.98 cm, respectively (Fig. 
1.7). Heritability estimates were low for LRL1 (0.19) and for LRL2 (0.30) (Table 1.1.). The 
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phenotypic correlation of LRL1 with LRL2 was highly significant (P < 0.001) and of moderate 
size (rp = 0.47) (Table 1.3). 
 
The lateral seminal root number four days after germination (LSRN1) varied between 
0.10 and 4.20. The LSRN1 mean for parental inbreds B73 and Mo17 was 1.39 and 1.45, 
respectively (Table 1.1, Fig. 1.8). Lateral seminal root number eight days (LSRN2) after 
germination varied between 0.20 and 3.63. The LSRN2 mean for parental inbreds B73 and Mo17 
was 1.64 and 1.76, respectively (Table 1.1, Fig. 1.9). Heritability estimates were moderate for 
LSRN1 (0.54) and LSRN2 (0.41) (Table 1.3). Both traits were significantly correlated (rp = 
0.60). 
 
The lateral root number four days after germination (LRN1) varied between 1.20 and 
4.90. The LRN1 mean for parental inbreds B73 and Mo17 was 3.78 and 3.32, respectively (Fig 
1.10). Lateral root number eight days (LRN2) after germination varied between 2.25 and 5.00. 
The LRN2 mean for the parental inbreds B73 and Mo17 were 4.77 and 4.50, respectively (Fig 
1.11).  Heritability estimates were moderate for LRN1 (0.52) and low for LRN2 (0.19) (Table 
1.1). The phenotypic correlation of LRN1 with LRN2 was highly significant and of moderate 
size (rp = 0.57) (Table 1.3). 
 
1.4.1.2 Postembryonic Root System Experiment 
 Estimates of   FDV varied among RILs between 1.63 and 1.81 with a mean for parental 
inbreds B73 and Mo17 of 1.72 and 1.71, respectively (Fig 1.12). Estimates of FDH varied among 
RILs between 1.68 and 1.81 with a mean for parental inbreds B73 and Mo17 were 1.76 and 1.73, 
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respectively (Fig. 1.13). Heritability estimates for both FD estimates were of moderate size 
(h
2
FDV=0.69, h
2
FDH=0.57) (Table 1.2). The phenotypic correlation of FDV and FDH was highly 
significant (rp= 0.82) (Table 1.3). No significant correlations were found between the traits for 
the embryonic root system and postembryonic root system. 
 
1.4.2 QTL Analysis 
1.4.2.1 Embryonic Root System Experiment 
 Eleven putative QTL affecting FD1 were detected on chromosome 1 (nine QTL) and 5 
(two QTL), explaining between 2.6% and 9.7% of the 18.1% of phenotypic variation. The LOD 
scores ranged between 6.16 for QTL in chromosomal BIN 1.01 and 15.83 on BIN 1.09 (Table 
1.4). Twenty-six putative QTLs affecting PRL1 were detected on chromosome 1 (six QTL), 3 
(four QTL), 4 (one QTL), 5 (four QTL), 6 (one QTL), 7 (one QTL), 8 (four QTL), 9 (three QTL) 
and 10 (two QTL), explaining between 1.9 % and 20.4% of the 48.3% of phenotypic variation. 
The LOD scores ranged from 6.29 (BIN 1.07) and 21.35 (BIN 1.03) (Table 1.5).  Ten putative 
QTLs affecting LRL1 were detected on chromosome 3 (one QTL), 4 (one QTL), 5 (two QTL), 6 
(two QTL), 7 (two QTL), 9 (one QTL), and 10 (one QTL), explaining between 1.7% and 10.2% 
of the 17.7% of phenotypic variation The LOD scores ranged from 6.15 (5.07) and 12.9 (7.03) 
(Table 1.6). Six putative QTLs affecting LSRN1 were detected on chromosome 1 (one QTL), 3 
(one QTL), 6 (one QTL), 9 (one QTL), and 10 (two QTL), explaining between 1.8% and 7.8% of 
the 11.9% of phenotypic variation. The LOD scores ranged from 6.25 on (BIN 6.07) and 8.80 
(BIN 10.7) (Table 1.7). Twelve putative QTLs affecting LRN1 were detected on chromosome 1 
(four QTL), 2 (two QTL), 3 (two QTL), 7 (one QTL), 8 (one QTL), 9 (two QTL), explaining 
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between 2.3% and 9.2% of the 26.1% of phenotypic variation. The LOD scores ranged from 7.19 
(BIN 1.11) and 14.83 (BIN 2.04) (Table 1.8).  
 
 Four putative QTLs affecting FD2 were detected on chromosome 1 (one QTL), 6 (two 
QTL), 9 (one QTL), explaining between 1.9% and 3.8% of the 6.5 % of phenotypic variation 
The LOD scores ranged from 7.61 (BIN 1.09) and 11.99 (BIN 6.04) (Table 1.9). Twenty-five 
putative QTLs affecting PRL2 were detected on chromosome 1 (seven QTL), 2 ( three QTL), 3 ( 
two QTL), 4 (three QTL), 5 ( one QTL), 6 ( two QTL), 7 (one QTL), 8 (4 QTL), 9 (one QTL), 
and 10 (one QTL), explaining between 2.1% and 14.1% of the 38.8% of phenotypic variation 
.The LOD scores ranged from 6.38 (BIN 1.03 and 1.11) and 17.13 (BIN 1.03) (Table 1.10). Nine 
putative QTLs affecting LRL2 were detected on chromosome 2 (one QTL), 4 (one QTL), 5 (two 
QTL), 6 (one QTL), 8 (one QTL), 9 (one QTL), and 10 (two QTL), explaining between 2.2% 
and 10.2% of the 18.7% of phenotypic variation The LOD scores ranged from 6.17 (BIN 5.01) 
and 23.66 (BIN 5.06) (Table 1.11). Fourteen putative QTLs affecting LSRN2 were detected on 
chromosome 1 (two QTL), 3 (one QTL), 4 (two QTL), 6 (two QTL), 7 (one QTL), 8 (three 
QTL), and 10 (three QTL), explaining between 2.7% and 13.9% of the 32.7% of phenotypic 
variation The LOD scores ranged from 6.1 (BIN 8.03) and 13.79 (BIN 10.00) (Table 1.12). 
Seven putative QTLs affecting LRN2 were detected on chromosome 1 (one QTL), 4 (two QTL), 
9 (four QTL), explaining between 1.8% and 11.0% of the 23.4% of phenotypic variation The 
LOD scores ranged from 6.13 (BIN 9.02) and 10.74 (BIN 1.11) (Table 1.13).  
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1.4.2.2 Postembryonic Root System Experiment 
 Twenty five QTL were found for the FDV on all chromosomes except for chromosome 4 
explaining between 2.1% and 21.1% of the 46.5% of phenotypic variation. LOD scores ranged 
from 6.26 (BIN 7.04) and 24.00 (BIN 2.08). Both parents contributed alleles for the increase of 
FDV (Table 1.14). Twenty-three QTL were found for the FDH on all chromosomes explaining 
between 2.1% and 16.3% of the 37.1% of phenotypic variation. LOD scores ranged from 6.24 
(BIN 1.01) and 28.57 (BIN 8.05). Both parents contributed alleles for the increase of FDH 
(Table 1.15).  
 
1.4.3 Comparison Across the Different Experiments 
1.4.3.1 QTL Common Locations 
 We found QTL for 74 BINs ranged between one and six QTL in each BIN. More than 40 
chromosomal BINs carried two or more QTL. For the postembryonic root system, we detected 
QTL in 35 BINs, eight of those BINs had QTL for FDV and FDH. For the embryonic root 
system, QTL were detected in 61 BINs. Fifteen marker intervals had two common or more QTL, 
nine for the embryonic root system, one for postembryonic root system and five for embryonic 
and postembryonic root system. Marker interval AY110028 - npi242b was significantly 
associated with FD1 and PRL1. A significantly association was found for FD2 with LSRN2 at 
the marker interval umc140a - AY110452. Four significant marker associations were found 
between PRL1 and PRL2, LSRN2, LRN1, and LSRN1 at p-umc52 - AY110170_SNP, p-
umc1316-p-umc2356, p-umc1505-AW216329_SNP, AY109829_SNP - p-umc2126, 
respectively. The marker interval p-npi268-p-umc1607 was significant for PRL1, FD2 and 
LRL2. For the postembryonic root system one significant marker association was found between 
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FDV and FDH in interval p-LIM333 - p-umc1932. FDH and LSRN2 shared the common marker 
interval umc1849 - asg30b. Also, marker interval p-Bnlg1250 - p-ufgW22-C03 has found to be 
common for FDH, LRL1, and LRL2.  A significant marker association for p-umc1316 - p-
umc2356 was found for the FDV, PRL1, and LSRN2.  Also, FDV and LSRN2 showed a 
significant marker association in interval p-umc2034 - AI795367_SNP.  A significant marker 
association was found between FDV and LRL2 at p-ufgBE-A07 - p-Bnl7.49. 
 
1.5 Discussion 
 Improving the collection of phenotypic data is crucial in modern plant breeding. 
According to Eathington et al. (2007) the “quality of marker phenotype associations is dependent 
on the quality of the phenotypic information”. Accurate phenotypic characterization of the 
population will help breeders to make better selection decisions. High-throughput methods can 
help breeders to quantify phenotypic traits with higher precision and in larger population sizes. 
Increasing population sizes allow improving the power of QTL detection. In general the 
available methods used to evaluate root traits are not easily scaled up for high throughput 
applications. We define a system to be high-throughput if a set of dedicated hardware and 
software tools is used to process a larger number of plants. A high-throughput phenotyping tool 
is efficient if it satisfies the following criteria: evaluate a large number of plants in a short time 
interval and traits can be measured with high accuracy. Improving the accuracy of the 
phenotypic measurements and evaluating a larger number of plants the standard error will 
decrease, allowing us to be more confident on the mean value of the measured trait.  
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The corn root imaging box (CRIB) is a high-throughput phenotyping tool developed by 
Grift et al. (2011, Appendix A). The CRIB acquires high-quality images of roots that can be used 
to obtain measurements with high precision. Precision refers to how repeated the observations 
are among themselves. To estimate precision of our measure of root complexity we conducted a 
small experiment with two root systems. Each root system was rotated in 1 angle degree 
increment and FDV and FDH were determined. This experiment was based on two hypotheses. 
First, if roots are in fact fractal structures, rotating the root must give very similar results. Two, 
to have accurate results we need a system that provides high-precision of measurements. The 
results obtained confirm the precision of our measurements, supported by the very low range and 
an extremely small standard deviation obtained for the two roots (Appendix B, Table1). 
Although, we can argue that this demonstration lacks of statistical significance nevertheless, 
these results provide circumstantial proof of the precision of the measurements. The CRIB is an 
image based tool which also allows to i) store the images creating an image database. These 
stored images can be later on used to measure other traits without having to grow the experiment 
again; ii) an image based system gives the opportunity to measure conventional root traits as 
length and number of roots for the embryonic root system but also to measure “unconventional” 
traits, e.g., FD, entropy, and number of white pixels.  
 
In this study we consider roots as being fractal objects. To our knowledge no studies in 
maize or other plant species formally demonstrated that this is indeed the case. To prove that root 
systems are fractals the complete root system needs to be recovered. Given the impossibility to 
recover complete root systems from field grown plants in a high-throughput fashion, we have 
chosen an indirect approach to demonstrate that roots are putative fractal-like objects.  In our 
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study we analysed a 0.3m
3
 postembryonic root system core. Following the assumption that root 
systems are fractals, i.e., self-similar objects (Eshel, 1998), we assume that FD measures of 
partial and complete root systems are highly correlated. By rotating each root system by 90 
degrees four images of the horizontal view and two of the vertical view were obtained. These 
images represent non-overlapping views of the same root system grown in the field. Tight 
correlations between the FD values determined for non-overlapping views for the horizontal and 
vertical views of the same root system provide circumstantial evidence of self-similarity (Fig. 
1.3). This result has also been reported by Grift et al. (2011, Appendix A). Although, the 
postembryonic root system is a 3-D structure we can use 2-D images to describe the root system 
following the findings of Costa et al. (2001). In our study the starting position, corresponding to 
the 0 degree of the horizontal view, corresponded to a random root view. Since none of the 
different views were linked to a specific position of the root in the field or on the row, we 
decided to average the different views. 
 
The RILs of the IBM population showed a significant genotypic variation for root FD 
estimates. As expected the embryonic FD values (1.00 < FD < 1.32) were significantly smaller 
than the FD estimates postembryonic root systems (1.63 < FD < 1.81). No information on 
embryonic root system complexity is available but the postembryonic FD values are within the 
range observed by other reports for root traits. Tatsumi et al. (1989) determined FD values for 
root systems of different plant species varying between 1.48 and 1.58; estimates of FD for 
different sorghum (Sorghum bicolour (L.) Moench) genotypes varied between 1.44 and 1.89 and 
FD values for soybean roots (Glycine max (L.) Merr.) changed with increasing planting densities 
(low density: 1.30 < FD < 1.67; high density: 1.15 < FD < 1.36) (Foroutan-pour et al., 1999); FD 
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values of maize root systems ranged from 1.40 to 1.73 if the plants were subjected to nitrogen 
stress (Eghball et al. 1993); Oppelt et al. (2000) reported FD values ranging between 1.17 and 
1.66 for fruit tree species Strychnos spinosa, Vangueria infausta, and Strychnos cocculaides and 
for the shrub Grewia flava. Regarding FD1 and FD2 results showed that as times increase there 
is a slight increase in the mean but FD1 has higher maximum value. Possible explanations for the 
lack of higher mean and maximum value for FD2 are: i) fungal infections started to develop after 
the first time that images were acquired. This resulted in the loss of some genotypes and others 
were severely damaged which could affected the growth pattern; ii) root images were acquired 
four and eight days after germination, we hypothesize that the time difference might be too small 
to detected larger significances. If a root just grows in length and no additional branching points 
are formed then the fractal dimension does not change. Since the embryonic root system is the 
main system for about two weeks after germination, repeating this experiment measuring our 
traits at more time points might provide a better insight on the change of root complexity. 
 
Evaluating the RILs of the IBM mapping population for complexity of the embryonic 
root system, we found significant differences between RILs for FD1 and FD2. For FD1 11 QTLs 
and four for FD2 were found on chromosomes 1, 5, 6, and 9. These QTL explained between 
6.5% and 18.1% of the phenotypic variation. Both parental inbreds contributed root complexity 
increasing QTL alleles. Although FD1 and FD2 were highly correlated, only one chromosomal 
BIN was found to contain QTL for both traits. As indicated by the low proportion of the 
phenotypic variance explained by the identified QTLs a large number of putative QTLs remain 
undetected. When comparing the results for the postembryonic root system eight BIN locations 
were found in common between the FDV and FDH. To increase the number of detected QTL for 
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a specific trait and, therefore, to identify more chromosomal regions carrying possible genes, 
larger mapping populations are necessary. Larger mapping population not only increase the 
power of QTL detection but also provide the opportunity to estimate QTL effects with less bias. 
Comparing the QTL results for the embryonic root system with the results obtained for the 
postembryonic root system several chromosomal BINs were found in common. Focusing on FD, 
common trait used to characterize embryonic and postembryonic root systems, only one BIN was 
found in common. Also, no correlations were found between the traits measured for the 
embryonic and postembryonic root system. This moderate level of common QTL was expected 
since the embryonic root system is botanically a “real” root, whereas the secondary adult root 
system is stem-borne tissue. Because the embryonic and postembryonic root systems are 
composed of different tissues, we expect that partly different developmental programs are active 
in these tissues. For example, the “real” roots have only one meristem, whereas secondary root 
systems display a coordinated action of multiple meristems at different hierarchical levels, 
comparable to the tassel or the ear. The idea that root structure is determined by the same gene 
networks that also determine leaf and tassel architecture was recently supported by our 
observation that QTL for root angle (unpublished data) were located in the same chromosomal 
BINs as genes known to affect tassel and leaf angles.   
 
In our study, we assumed that QTL for different traits located in the same chromosomal 
BIN have a common genetic basis. A comparative analysis was performed between our results 
and other studies investigating root architecture using independent mapping populations. 
According to Landi et al. (2010) several chromosomes BINs have been identified by Landi et al. 
(2002) and Tuberosa et al. (2002) for their role in root traits and/or grain yield. Nineteen 
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chromosomal BINs were found to carry both QTL for root morphology described by Landi et al. 
(2010) and traits measured in our study. Previous studies report two major QTLs in 
chromosomal BINs 1.06 and 2.04 affecting root architecture and other agronomically important 
traits. QTL in BIN 1.06 have been shown to influence primary root length, primary root 
diameter, nitrogen use efficiency, and grain yield (Tuberosa et al. 2007). QTL in BIN 2.04 have 
been reported for simultaneously effecting root and above ground plant traits and ABA 
concentration (Tuberosa, 2010). In agreement with these studies, we also detected QTL in these 
chromosomal regions. It is interesting to note that the QTL in BIN 1.06 was only detected for 
LSRN1, whereas in BIN 2.04 QTL involved in the inheritance of both the embryonic and 
postembryonic systems were found. Zhu et al., (2006) studied the effect of seminal root length 
and number under low and high phosphorus conditions and reported four QTL for low 
phosphorus conditions and five QTL for high phosphorus conditions. Many common QTL 
positions were found between this study and our study for PRL1, PRL2, LRN1, LRN2, and 
LSRN2. Mano et al. (2005b) evaluated 110 F2 plants under flooding conditions derived from the 
cross between B64, a dent line, with Na4, a tropical Caribbean flint.  QTL were detected on 
BINs 3.07-8, 7.04-5 and 8.05.  We found QTL on the same BINs for PRL1, LRN1, LRN1, 
PRL2, LSRN2, FDV and FDH. A comparative analysis among studies for root traits is important 
since it can provide clues about the interpretation of causal relationships among traits (Landi et 
al. 2010). 
 
Nine mutants have been described to affect root development and architecture. These 
mutants can be grouped into three distinct groups depending on the affected root type, i.e., 
seminal and shoot-borne roots, lateral roots and root hairs (Hochholdinger et al. 2004). However, 
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only for a few mutants the chromosomal map position is known. Mutant phenotypes were 
discovered for root hair formation, such as root hair less 1 (rth1) , root hair less 2  (rth2) 
mapped between BIN 5.04 +/- 5, and root hair less 3 (rth3) (Wen and Schnable, 1994; 
Hochholdinger et al., 2004; Wen et al., 2005; Maizegdb, 2010), affecting the lateral roots 
comprises the mutants rum1 (rootless with undetectable meristems1), lrt1 (lateral rootless 1) 
mapped on BIN 2.00-2.03,  slr1 (short lateral root1), and slr2 (short lateral root 2) 
(Hochholdinger and Feix, 1998; Hochholdinger et al. 2004; Woll et al. 2005; Maizegdb, 2011). 
and lateral and shoot-borne roots, like rt1 (rootless 1) BIN 3.04 and  rtcs (rootless concerning 
the crown and seminal roots) on BIN 1.01-1.02 (Hetz et al. 1996; Jenkins, 1930; Holchholdinger 
et al. 2004; Taramino et al. 2007, Maizegdb, 2011). QTL for the FD1, PRL1, LRN1, FDV, and 
FDH were found to map to the same chromosomal BINs as the mapped mutant genes. Following 
our previous hypothesis that the postembryonic root system and other upper ground trait might 
be regulated by the same gene networks, we compare the QTL detected on this study with 
mutants that affect tassel, ear and leaf. bif2 (barren inflorescence2) affects tassel development as 
for example tassels are thinner and with fewer tassel branches (Maizegdb, 2011). We found 
common QTL with bif2 for FD1, PRL1, and FDH. lg1 (liguleless1) affects the development of 
the leaf and some characteristics of these mutant are upright leafs and wrap around the culm 
(Maizegdb, 2011). We found common QTL with lg1 for FDH. Mutant ra1 (ramosa 1) affects the 
development of ear and tassel by an increased branching number (Maizegdb, 2011). We found 
common QTL with ra1 for LRL1, FDV, and FDH. Mutant td1 (thick tassel dwarf1) affects plant 
height, tassel and ear development by an increased spikelet density (Maizegdb, 2011).  We found 
common QTL with td1 for FDV. We also compared the postembryonic root system QTL results 
with Upadyayula et al. (2006). In this study several tassel traits were measured in a set of S1 
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families derived from BC1 cross (Illinois Low Protein × B73) × B73. We detected common QTL 
for FDV central spike spikelet pair density (BIN 2.08, 6.07), tassel branch (BIN 5.04) with 
primary branch spike density (BIN 5.04) and total spikelets on central spike (BIN 6.07); FDH 
with central spike spikelet pair density (BIN 1.09, 2.8, 6.07) and central spike length (BIN 6.07). 
According to the hypothesis proposed by Robertson (1985), it may be speculated that the above-
mentioned QTL simply represent different alleles at these loci with known major gene effects. In 
future research, a series of near-isogenic lines, which carry only specific single QTL for root 
complexity traits, might be used for fine mapping of each QTL region according to the approach 
described by Paterson et al. (1991) and for verification of their allelic relationship with known 
major genes. While the exact contribution of mutant genes to the overall root complexity is 
unknown, these mutants provide logical candidate genes for a further investigation of the genetic 
basis of the QTL found in these chromosomal regions.  
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1.7 Tables 
 
Table 1.1     Mean of the parental inbreds B73 and Mo17 and 231 RILs derived from their cross, 
plus the variance components and heritabilities among RILs for embryonic root 
characteristics.  
  
Mean 
    
Variance components 
 
Trait B73 Mo17 RILs Min1 Max2 SD3 σ
2
g  σ
2
e  
^
h 2 
FD1 1.15 1.15 1.13 1.00 1.32 0.05 0.0007 0.001 0.51 
PRL1 17.39 19.37 16.26 7.57 26.66 3.56 3.0084 6.639 0.48 
LRL1 0.71 0.79 0.73 0.34 1.39 0.18 0.0038 0.034 0.19 
LSRN1 1.39 1.45 1.39 0.10 4.20 0.74 0.1321 0.225 0.54 
LRN1 3.78 3.32 3.55 1.20 4.90 0.79 0.1822 0.335 0.52 
FD2 1.16 1.19 1.15 1.01 1.27 0.05 0.0008 0.001 0.53 
PRL2 18.07 22.46 18.43 8.95 32.43 4.01 2.8725 9.012 0.39 
LRL2 0.88 0.98 0.86 0.33 1.41 0.20 0.0079 0.037 0.30 
LSRN2 1.64 1.76 1.47 0.20 3.63 0.54 0.0897 0.257 0.41 
LRN2 4.77 4.50 4.27 2.25 5.00 0.61 0.0561 0.476 0.19 
1 Min = Minimum; 2Max = Maximum; 3SD = Standard deviation; Min, Max, and SD were determined for RIL 
population. 
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Table 1.2    Mean of the parents B73 and Mo17 and the 231 RILs derived from their cross, plus 
the variance components and heritabilities among RILs for postembryonic root 
characteristics.  
  
Mean 
    
Variance components 
 
Trait B73 Mo17 RILs Min1 Max2 SD3 σ
2
g  σ
2
e  
^
h 2 
FDV 1.72 1.71 1.72 1.63 1.81 0.03 0.00074 0.00067 0.69 
FDH 1.76 1.73 1.75 1.68 1.81 0.02 0.00031 0.00046 0.57 
1 Min = Minimum; 2 Max = Maximum; 3SD = Standard deviation; Min, Max, and SD were determined for RIL 
population. 
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Table 1.3 Phenotypic correlation coefficients among agronomic traits estimated for the 
embryonic and postembryonic root system belonging to the IBM population. 
 Embryonic Root System  Postembryonic Root System 
 
PRL1 LRL1 LSRN1 LRN1 FD2 PRL2 LRL2 LSRN2 LRN2  FDV FDH 
FD1 0.62
** 
0.45
**
 0.34
**
 0.05
ns 
0.72
**
 0.62
**
 0.37
**
 0.50
**
 0.23
**
  0.06
 ns
 0.05
 ns
 
PRL1 
 
0.29
**
 0.40
**
 -0.35
**
 0.47
**
 0.93
**
 0.19
**
 0.40
**
 -0.12
ns 
 0.02
 ns
 -0.01
 ns
 
LRL1 
  
-0.21
** 
0.23
** 
0.42
**
 0.28
**
 0.47
**
 0.10
 ns
 0.35
**
  0.01
 ns
 0.01
 ns
 
LSRN1 
   
-0.25
**
 0.30
**
 0.36
**
 -0.14
* 
0.60
**
 -0.10
 ns
  0.05
 ns
 0.07
 ns
 
LRN1 
    
0.23
** 
-0.33
 ns
 0.31
** 
-0.18
 ns
 0.57
** 
 -0.03
ns 
-0.001
 ns
 
FD2 
     
0.53
**
 0.59
**
 0.50
**
 0.46
**
  0.002
ns 
0.06
 ns
 
PRL2 
      
0.31
**
 0.37
**
 -0.08
 ns
  0.03
 ns
 0.02
 ns
 
LRL2 
       
0.02
 ns
 0.52
**
  -0.02
 ns
 -0.03
 ns
 
LSRN2 
        
-0.01
 ns
  0.03
ns
 0.04
 ns
 
LRN2 
         
 -0.03
 ns
 -0.01
 ns
 
FDV 
         
 
 
0.82
** 
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Table 1.4 Parameters associated with QTL for FD1. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.01 56 mmp49 asg31 6.16 11.6 -0.01 5.4 
 
1.01 112 umc2224 pmcb1 6.61 12.3 0.01 5.1 
 
1.03 202 umc76a lim122 8.78 16.1 0.013 3.7 
 
1.03 244 AY110028 npi242b 7.38 13.7 -0.014 9.7 
 
1.04 356 csu207 umc2227 8.24 15.2 0.021 4.4 
 
1.05 482 hac101b uaz273 6.63 12.4 0.017 3.6 
 
1.06 502 umc1972 umc1812 9.34 17.0 -0.02 4.6 
 
1.09 820 csu696 chrom7 15.83 27.1 -0.018 6.4 
 
1.11 980 phi265454 AY110426 11.89 21.1 0.017 6.7 
 
5.00 32 p-umc1423 p-umc1445 6.57 12.3 -0.015 2.6 
 
5.00 50 p-Bnl8.33 p-umc1901 8.88 16.2 0.015 5.8 18.1 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.5 Parameters associated with QTL for PRL1. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.02 168 bnlg1953 umc76a 21.18 34.4 1.13 15.1 
 
1.03 244 AY110028 npi242b 21.35 34.7 -1.23 20.4 
 
1.05 470 mmp124 umc1321 7.37 13.7 0.62 2.1 
 
1.07 684 lim442 mmp189 6.29 11.8 0.64 8.5 
 
1.08 748 mmp99 bnlg2228 11.50 20.5 -0.81 12.1 
 
1.11 1108 p-phi064 p-Bnl6.32 11.14 19.9 0.80 2.3 
 
3.06 510 AY111125_IDP p-php15033 15.58 26.7 1.75 7.4 
 
3.07 528 p-Bnl6.16 p-umc3 8.61 15.8 -1.45 4.3 
 
3.09 792 p-G22H-03 p-umc1641 11.31 20.2 0.84 3.2 
 
3.09 822 p-LIM444 p-LIM96 11.19 20.2 -0.85 6.1 
 
4.09 560 p-umc52 AY110170_SNP 7.81 14.4 -0.64 1.9 
 
5.00 2 AI676903_SNP AY110625_SNP 9.30 18.6 -0.90 6.3 
 
5.00 40 p-umc1445 p-umc1097 6.30 11.8 0.62 3.6 
 
5.03 268 p-umc2296 p-rz242 16.41 27.9 -1.46 8.5 
 
5.08 638 AY110413_SNP p-umc57 7.76 14.3 0.68 7.0 
 
6.02 152 p-psb108 p-umc1595 8.78 16.1 0.63 6.9 
 
7.00 46 p-umc1672 p-umc1426 10.92 19.6 -0.76 6.1 
 
8.01 98 p-umc1483 p-mmpP6F09 10.59 19 0.89 3.5 
 
8.02 130 p-umc1304 p-Bnlg2235 13.03 22.9 0.89 9.6 
 
8.05 382 p-umc1316 p-umc2356 7.39 13.7 -0.64 5.3 
 
8.07 466 p-npi268 p-umc1607 10.8 19.4 0.78 5.8 
 
9.02 102 p-umc1170 p-std687018G07 10.11 18.3 1.05 4.9 
 
9.06 502 p-std486073B08 p-mmpP2F07 9.32 17 0.72 5.2 
 
9.07 636 p-umc1505 AW216329_SNP 6.37 12.8 -0.60 5.8 
 
10.02 104 p-umc1576 AY110360_SNP 17.08 28.9 0.96 9.6 
 
10.07 510 AY109829_SNP p-umc2126 8.42 15.6 -0.63 7.5 48.3 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.6 Parameters associated with QTL for LRL1. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
3.00 20 p-umc2255 p-umc1394 9.22 16.9 0.05 3.8 
 
4.05 250 p-umc1969 p-umc2061 6.25 11.7 0.04 5.6 
 
5.00 0 AI676903_SNP AY110625_SNP 7.49 15.3 -0.05 2.7 
 
5.07 586 p-umc108 p-Bnlg1118 6.15 11.5 -0.05 4.9 
 
6.03 174 AY111964_IDP p-umc65 6.95 12.9 -0.05 2.3 
 
6.04 236 p-umc2317 p-ZmISU61 7.87 14.5 0.05 2.5 
 
7.02 148 p-Asg34 p-gta101 6.45 12.1 -0.07 1.7 
 
7.03 402 p-csu209 p-psr135 12.9 22.7 -0.07 3.9 
 
9.06 440 p-G22H-12 p-Asg44 11.17 20 -0.06 10.2 
 
10.05 340 p-Bnlg1250 p-ufgW22-C03 7.07 13.1 0.04 3.4 17.7 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.7 Parameters associated with QTL for LSRN1. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.06 568 umc2151 ntf1 8.28 15.2 0.23 7.8 
 
3.05 300 p-umc1174 p-mmpP6E02 7.21 13.4 0.30 2.1 
 
6.07 490 p-umc2323 p-mmpP2H08 6.25 11.7 -0.19 2.0 
 
9.07 574 p-Brd102 p-mmpP6A11 6.26 11.7 0.20 1.8 
 
10.07 510 AY109829_SNP p-umc2126 8.80 16.2 -0.27 5.8 
 
10.07 526 p-ZmISU53 p-csu48 7.90 14.9 0.28 4.0 11.9 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.8 Parameters associated with QTL for LRN1. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.02 120 pmcb1 mmp68 9.83 17.8 0.38 2.3 
 
1.03 298 bnl12.06a AY110393 10.33 18.6 -0.24 3.8 
 
1.07 628 umc2237 umc2239 9.15 16.7 -0.21 7.9 
 
1.11 1004 ufg14 umc1421 7.19 13.3 0.18 6.0 
 
2.04 336 p-umc2125 p-5C05F04 14.83 25.6 -0.27 4.9 
 
2.08 590 p-umc1516 p-umc49 8.08 14.9 0.18 4.3 
 
3.04 296 p-cdo344 p-umc1174 9.29 16.9 -0.21 4.8 
 
3.08 696 AY110540_SNP p-umc63 14.48 25.1 0.27 9.2 
 
7.04 490 p-Bnlg2259 p-umc1295 10.69 19.2 0.21 6.7 
 
8.01 106 p-Bnlg1194 p-std614021F06 7.60 14.1 -0.18 3.7 
 
9.05 332 p-ufga1mum2-G08 p-ufgWAB-G01 7.49 13.9 -0.17 6.1 
 
9.07 638 p-umc1505 AW216329_SNP 11.13 21.3 0.24 4.9 26.1 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.9 Parameters associated with QTL for FD2. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.09 844 umc140a AY110452 7.61 14.1 -0.01 1.9 
 
6.04 198 p-G2B-08 p-umc1105 11.99 21.3 0.02 2.2 
 
6.06 410 p-umc2322 AY104923_IDP 8.91 16.3 -0.01 3.8 
 
9.02 116 p-csu471 p-ZmISU111 8.98 16.4 0.02 2.1 6.5 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.10 Parameters associated with QTL for PRL2. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.03 242 AY110052 AY110028 17.13 28.9 -2.28 13.6 
 
1.03 254 npi242b bnlg1203 6.38 11.9 1.31 7.1 
 
1.05 410 csu3 lim497 13.52 23.6 -1.21 7.5 
 
1.07 692 mmp173 php20661 8.70 15.9 0.91 5.1 
 
1.08 798 AY110349 umc1991 7.04 13.1 -0.83 4.1 
 
1.09 842 glb1 umc140a 9.11 16.6 -0.97 8.1 
 
1.11 1110 p-phi064 p-Bnl6.32 6.38 11.9 0.72 4.2 
 
2.07 476 p-umc1560 p-psr135 8.66 15.9 -0.87 2.5 
 
2.08 530 p-Bnlg1316 p-G1D-06 15.9 27.2 1.46 9.5 
 
2.08 562 AY109575_IDP p-mmpP3B02 8.44 15.5 -0.96 4.2 
 
3.05 340 AY111541_IDP p-umc26 10.24 18.5 0.94 10.1 
 
3.07 562 p-umc2272 AY104511_IDP 12.60 22.2 -1.53 6.0 
 
4.02 136 p-umc47 p-umc1926 10.46 18.8 0.95 14.1 
 
4.07 432 p-Bnl5.24 p-umc1775 8.88 16.2 -0.88 4.7 
 
4.09 560 p-umc52 AY110170_SNP 6.70 12.5 -0.74 5.5 
 
5.03 250 p-umc1447 AY109606_IDP 7.55 14.0 -0.76 3.4 
 
6.05 338 p-std606017H04 p-5C04E08 8.81 16.1 -1.19 5.0 
 
6.07 480 AY110400_SNP p-umc2323 8.77 16.0 1.33 2.1 
 
7.06 614 p-phi116 p-G24A-05 8.45 16.2 0.79 4.5 
 
8.01 2 p-G10F-01 p-csu319 10.2 23 -1.10 2.9 
 
8.01 48 p-umc1592 p-umc1414 9.14 16.7 -1.05 4.9 
 
8.01 98 p-umc1483 p-mmpP6F09 9.53 17.3 1.11 13.5 
 
8.07 464 p-npi268 p-umc1607 12.03 21.3 1.26 4.1 
 
9.06 480 p-ufg99F-232-G02 p-mmpP6G08 14.29 24.8 1.45 7.4 
 
10.00 22 p-php20626 AY110060_SNP 10.01 18.2 0.91 10.1 38.8 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.11 Parameters associated with QTL for LRL2. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
2.04 244 p-phi109642 p-G24A-04 12.85 22.6 -0.06 5.7 
 
4.02 134 p-psr144 p-umc47 9.46 17.2 0.05 10.2 
 
5.01 76 p-Bnl7.21 p-psb239 6.17 11.6 -0.04 3.9 
 
5.06 476 p-umc1019 p-mmc0481 23.66 37.6 -0.11 10.2 
 
6.05 262 p-csu481 p-umc1826 6.66 12.4 -0.04 2.2 
 
8.07 466 p-npi268 p-umc1607 6.82 12.7 0.04 3.6 
 
9.05 340 p-ufg3286-E12L p-umc2134 16.17 27.6 0.08 3.6 
 
10.06 416 p-ufgBE-C07 p-ufgSK-2G3 9.74 17.6 0.06 4.4 
 
10.06 434 p-ufgBE-A07 p-Bnl7.49 8.89 16.2 -0.06 3.2 18.7 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.12 Parameters associated with QTL for LSRN2. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.04 338 umc1849 asg30b 9.92 18.0 0.14 2.7 
 
1.09 850 umc140a AY110452 6.96 13.0 -0.10 8.0 
 
3.07 562 p-umc2272 AY104511_IDP 11.66 20.7 -0.14 6.8 
 
4.02 140 p-umc47 p-umc1926 9.69 17.6 0.13 4.2 
 
4.06 372 p-Zm1 p-rz567 9.75 17.7 -0.12 6.2 
 
6.00 60 p-rz143 AY110100_SNP 11.58 20.6 -0.16 4.5 
 
6.05 368 p-mmpP3G01 p-gpm9 9.09 16.6 -0.12 11.6 
 
7.06 618 p-G24A-05 AY109703_SNP 8.48 18.1 0.12 4.9 
 
8.01 14 p-G7A-10 p-umc1139 6.87 12.8 -0.11 7.3 
 
8.03 242 AY103821_IDP p-umc2075 6.01 11.3 -0.10 4.9 
 
8.05 412 p-umc1316 p-umc2356 8.25 15.2 0.12 7.0 
 
10.00 30 p-psr119 p-phi041 13.79 24.0 0.15 13.9 
 
10.02 122 p-umc2034 AI795367_SNP 7.65 14.1 -0.14 5.8 
 
10.05 312 p-umc1677 p-ZmISU58 6.03 11.3 0.09 4.4 32.7 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
. 
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Table 1.13 Parameters associated with QTL for LRN2. Parameters were estimated from the 
phenotypic data of 240 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡
 Marker Interval LOD R2 (%)
 
add
§
 R
2
Partial
¶
 R
2
.)(adjtotal
#
 
1.11 1008 umc1421 hon110 10.74 19.3 0.21 11 
 
4.08 466 p-umc1476 p-Bnl10.05 7.41 13.7 -0.19 1.8 
 
4.10 704 AY109668_IDP p-umc2289 6.49 12.1 -0.29 4.2 
 
9.01 76 p-umc2335 p-umc1588 6.16 11.6 -0.24 5.9 
 
9.02 116 p-csu471 p-ZmISU111 6.13 11.5 0.17 6.0 
 
9.03 236 p-mmpP1B03 p-Asg63 6.21 11.6 0.17 6.9 
 
9.04 310 p-umc1492 p-phi032 7.38 13.7 -0.18 10.3 23.4 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.14 Parameters associated with QTL for the FDV. Parameters were estimated from the 
phenotypic data of 231 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡ 
Marker Interval LOD add 
§
 R
2
Partial
¶ 
R
2
.)(adjtotal
#
 
1.02 144 umc1568 php20640 21.89 0.010 21.1  
1.02 158 lim504 umc1976 6.05 -0.006 5.4  
1.11 1096 p-csu1089 p-phi064 6.96 -0.005 3.0  
2.02 54 p-umc1165 p-G21B-02A 9.50 0.006 11.4  
2.04 250 p-G24A-04 p-umc2247 12.03 0.008 5.4  
2.08 522 p-phi435417 p-umc1604 24.00 0.010 20.5  
3.04 166 p-umc1772 p-umc1608 10.39 0.007 2.1  
3.08 616 p-mmc0251 p-umc1915 17.21 0.009 8.7  
5.02 182 p-ufg96-603-A05 p-Bnlg1879 6.71 -0.006 3.0  
5.04 332 p-G23C-07 AY110906_IDP 18.09 0.009 11.9  
6.01 118 p-mmpP1C03 p-mmpP2F05 17.98 -0.009 13.7  
6.05 318 p-psb107 AY110050_SNP 9.28 0.008 3.1  
6.07 514 p-Bnlg1740 AY109996_IDP 13.00 0.011 11.3  
7.01 128 p-umc2325 p-Asg34 8.14 -0.006 5.3  
7.02 204 p-LIM333 p-umc1932 7.70 0.007 6.3  
7.04 476 p-ufgSK-2H4 p-csu8 6.26 -0.006 7.8  
7.04 504 p-ufg96-603-E10 AW267377_IDP 9.86 0.010 4.7  
7.05 594 p-umc2333 p-umc1407 9.98 -0.011 10.0  
8.05 404 p-umc1316 p-umc2356 17.65 0.015 4.3  
9.04 298 p-gta101 p-Bnlg1012 18.58 0.009 9.4  
10.01 64 p-php20075 AW225120_IDP 7.57 0.007 9.9  
10.01 90 p-umc2018 p-npi285 17.43 -0.011 10.2  
10.02 134 p-umc2034 AI795367_SNP 12.09 0.009 6.6  
10.03 192 AY110411_SNP AY105746_IDP 7.37 -0.007 2.9  
10.06 424 p-ufgBE-A07 p-Bnl7.49 12.35 -0.008 6.4 46.5 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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Table 1.15 Parameters associated with QTL for the FDH. Parameters were estimated from the 
phenotypic data of 231 RILs derived from the cross B73×Mo17. 
BIN
†
 Pos
‡ 
Marker Interval LOD Genetic Effect 
§
 R
2
Partial
¶ 
R
2
.)(adjtotal
#
 
1.01 2 tub1 dmt103b 6.24 -0.004 2.8  
1.04 338 umc1849 asg30b 6.63 -0.005 3.0  
1.04 382 ufg43 bnl9.11b(lts) 11.50 0.006 5.6  
1.05 474 umc1603 hac101b 11.17 -0.005 5.5  
1.09 882 mmp195d umc1431 7.47 -0.005 2.2  
1.10 962 umc257 AY109834 6.48 0.005 5.4  
1.12 1120 p-umc2244 p-LIM331 7.93 -0.007 5.2  
2.04 304 p-mmpP6G09 p-Bnlg108 11.58 -0.009 7.2  
2.08 494 p-umc1049 p-Bcd808 12.83 0.007 9.9  
3.04 162 p-5C04B11 p-umc1772 9.67 0.005 3.1  
3.04 196 p-Bnlg1638 p-mmpP5A05 13.01 0.013 2.6  
3.05 380 AY106230_IDP AY111296_IDP 8.54 0.008 2.5  
4.01 8 p-ufg407-F06 p-csu901 8.19 0.004 5.3  
5.03 296 p-std486079D03 p-Bnlg1902 15.45 0.007 7.8  
6.04 210 p-umc1857 p-pl(Tx303-1.6-2) 22.97 0.008 10.9  
6.05 262 p-csu481 p-umc1826 7.31 -0.004 3.3  
6.07 506 p-umc1350 p-Bnlg1740 7.82 0.005 5.2  
7.02 196 p-LIM333 p-umc1932 11.91 0.007 2.1  
8.05 368 p-Bnlg2181 p-rz390 28.57 -0.011 16.3  
9.00 0 p-umc1957 p-umc109 11.06 -0.005 5.7  
9.04 278 p-Bnlg1209 p-psr547 8.41 0.004 7.4  
10.04 296 p-umc1115 p-umc1272 6.31 0.005 2.8  
10.05 336 p-Bnlg1250 p-ufgW22-C03 22.22 -0.010 12.9 37.1 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 QTL position in cM of the LOD peak on chromosome calculated by PLABTL. 
§ 
Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
¶
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
# Total adjusted R
2
 was calculated in a simultaneous fit using multiple regression. 
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1.8 Figures 
 
Fig. 1.4 Correlation plots for individual views of the postembryonic root system. Where H0 
corresponds to the root horizontal view at position 0, H90 corresponds to the root 
horizontal view at position 90, H180 corresponds to the root horizontal view at position 
180, and H270 corresponds to the root horizontal view at position 270. 
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Fig. 1.5  Distribution of the least square means for FD1 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.6  Distribution of the least square means for FD2 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.7  Distribution of the least square means for PRL1 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.8  Distribution of the least square means for PRL2 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.9  Distribution of the least square means for LRL1 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.10   Distribution of the least square means for LRL2 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.11  Distribution of the least square means for LSRN1 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.12  Distribution of the least square means for LSRN2 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.13  Distribution of the least square means for LRN1 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.14  Distribution of the least square means for LRN2 of 240 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.15  Distribution of the least square means for FDV of 231 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 1.16  Distribution of the least square means for FDH of 231 
RIL along with the parents B73 (B) and Mo17 (M). 
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CHAPTER 2 - Genetic Analysis between Root and Above Ground Traits: Analysis of 
Design III for Root Traits Reveals Partial Dominance
1
  
 
2.1 Abstract 
 Several above ground maize traits and yield components, like ear length and kernel 
weight, have a direct impact on grain yield. The purpose of this study was to gain a deeper 
understanding of the relationships between the postembryonic root system and above ground 
plant traits as well as to determine the mode of gene action displayed for these root complexity 
traits. Sixty-one recombinant inbred lines derived from the cross between B73×Mo17 were 
subjected to a morphological analysis. Several above ground plant traits were measured around 
flowering stage namely, plant height (PHT), ear height (EHT), stem diameter (STD), anthesis-
silking interval (ASI), SPAD meter readings (SPAD), plot yield (YLD), grain yield per plant 
(GYT), as well as root traits as fractal dimension for the vertical (FDV) and horizontal (FDH) 
root views and root angle (RTA). SPAD meter readings were obtained at two different time 
points about one month apart. Fractal dimension, STD and RTA were measured using the corn 
root imaging box (see Chapter 1). The experimental design was an incomplete block design 
across two years. The measured traits displayed moderate to high heritabilities. Several 
interesting correlations were found, e.g., the moderate negative correlation between RTA and 
STD and the moderate correlations between RTA with PHT, EHT and yield measurements. The 
number of QTL detected ranged from three for SPAD, FDV, and FDH, to 11 for ASI. Most QTL 
                                               
1
 Reprinted, with permission, from Elsevier Ltd, 2011, “High-Throughput Phenotyping Technology for Maize Roots”, Biosystems 
Engineering 110: 40-48. 
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collocated with previously reported QTL. A design III analysis found significant dominance 
effects and heterosis for FDV, FDH, and RTA but not for STD.  
 
2.2 Introduction  
 Projections indicate that by 2050, the world population will reach nine billion. This 
represents that agriculture must provide food, fuel and fiber to one third more of the existing 
population. The increase in production is a worldwide challenge that involves different people 
and areas of expertise. Although an increase in production is requested, there is also the demand 
to keep agriculture a profitable business. According to FAO (2011) in 2010, about 38% of the 
world population was agricultural population, including fisheries and forestry.  But an increase in 
production must also be driven by improving agriculture sustainability, reduce environmental 
impact as fertilizers applications, better management of water use, and biodiversity conservation. 
Environmental changes and stresses as drought, insect pressure, decrease in irrigation and arable 
land, add to the challenge. Cereals are the most important crop in the world and a staple food in 
many countries. FAO (2011) forecasted that the world cereal production in 2011 will increase by 
3.3% compared to 2010. Also, according to Duvick and Cassman (1999) the population growth 
will demand an increase of cereals and grain production of 40% by 2020. Of all the demand on 
cereals, maize will become the most important crop due to its role in human and animal feeding 
and as a biofuel (Tuberosa et al. 2011).  
 
 On the United of States maize grain yield has increased 0.12 metric tons per hectare per 
year since 1945 (Holland, 2009). Several factors contributed to this increase in grain yield, i.e., 
the variety type used (open-pollinated, double-cross hybrids, and single-cross hybrids), parent 
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selection, plant density, fertilizers applications, increase stress level of tolerance, weed control, 
and genetics. Maximum hybrid yield potential is only ensured while the seed is still in the bag. 
Environmental effects can change drastically the yield curve of those hybrids. Concerns have 
been raised if yield plateaus have been reached. According to Holland (2009) even if a yield 
plateau has been reached improvements can be made to yield in farmer’s fields. However, in 
general grain yield increase is expected to keep rising if constant updates are made on the 
agronomic practices, improve knowledge of morpho-physiological traits and genetic structure of 
the maize plant. Increase production will require better understanding about the mechanisms that 
control yield but also how other traits can impact yield. Understanding root system development 
and interactions will allow a better selection to improve yield potential (Tuberosa et al. 2011).  
 
 The root system, due to its importance in the absorption of water and nutrients, and its 
impact on lodging resistance is an important but undervalued part of the plant. The lack of 
phenotypic methods to measure root traits and the below soil growth of the postembryonic 
system are some of the factors that contributed to the overlook of this important trait. Root traits 
are known to affect a wide variety of traits. Plant height is significantly correlated to grain yield 
(Beavis et al. 1991). The increase of grain yield has also been associated with an increase in 
plant density and plant height. However some hybrids grown at high plant densities are prone to 
lodging. To avoid lodging one of the solutions is to select for genotypes with larger numbers of 
brace roots (Tang et al. 2007). Hammer et al. (2009) concluded based on model calculations that 
root angle had a larger role in yield increases in the Midwest than the change in plant canopy 
architecture. The lack of water availability has a direct impact on yield. Root systems with more 
vertical growth should improve the chances of water capture at deeper soil layers, affecting yield 
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favorably. According to Hochholdinger and Tuberosa (2009) under water limited condition the 
postembryonic root system can have a significant influence on grain yield. A root QTL detected 
on BIN 1.06 across two different water regimes has been reported as a good candidate for marker 
assisted selection in order to increase yield stability in maize (Landi et al. 2010). Yield trials 
conducted over two years on per se homozygous mutants of roothairless 3 versus closely related 
homozygous wild-type plants showed a reduction on grain yield (Hochholdinger et al., 2008).  
 
 The present study was conducted using 61 recombinant inbred lines (RIL) selected from 
the IBM population. The overall goal of this study was to determine the relationship between 
root system characteristics and above ground plant traits. The specific objectives were to 1) 
evaluate a set recombinant inbreds derived from cross B73×Mo17  for root characteristics and 
agronomically important traits, 2) determine quantitative genetic parameters, including variance 
components and the average degree of dominance, that describe the mode of gene action 
underlying the inheritance of each trait, 3)  assess the relationship between root system and 
above ground plant traits, and 4) find quantitative trait loci (QTL) involved in the inheritance of 
these traits. 
 
2.3 Materials and Methods 
2.3.1 Germplasm  
 A set of 61 RILs selected from the IBM population (Lee, et al. 2002) for their extreme 
root complexity, parental inbreds B73 and Mo17, and inbreds Lo1016 and Lo964 used as checks, 
were planted at the University of Illinois Research Educational Center in Urbana-Champaign, IL, 
in 2009 and 2010. The intermated B73×Mo17 (IBM) population is a public resource composed 
 72 
 
of 302 lines derived of the cross between the inbred parents followed by four generations of 
random mating. The inbred parents belong to two important heterotic pools B73 from Stiff Stalk 
and inbred line Mo17 from Lancaster. Lo1016 and Lo964 were developed by the “Instituto 
Sperimentale per la Cerealicoltura of Bergamo”, Italy.    
 
2.3.2 Experimental Design and Sampling  
 The experimental design was a randomized incomplete block design with 65 entries, 
three replications, nine incomplete blocks per replication, and nine entries per block. Each plot 
was a single row of 4.6 m length and 0.76 m between rows. Plots were composed by 25 plants 
per row. The experiment was established using standard nitrogen rates (179 kg ha
-1
) and weed 
control measures. The experiment was growth in Elburn silty loam soil in 2009 and drummer 
silty clay loam soil in 2010. 
 
2.3.3 Experimental Design and Sampling for the Backcross 
 A set of 61 RILs selected from the IBM population for their extreme root complexity, 
plus the parental inbred lines, B73 and Mo17, were planted at the University of Illinois Research 
Educational Center in Urbana-Champaign, IL, in 2008. The selected 61 RILs were backcrossed 
to the inbred parents. The experimental units were developed by backcrossing the RILs as males 
with the parents, as females. Twenty-eight complete sets of crosses were produced. In the 
following year, the 28 complete sets were planted at the University of Illinois Research 
Educational Center in Urbana-Champaign, IL. The experimental design was a randomized 
incomplete block design with three replications, eight incomplete blocks per replication, and nine 
entries per block. Each plot was a single row of 4.6 m length and 0.76 m between rows. Plots 
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were composed by 25 plants per row. The experiment was established using standard nitrogen 
rates (179 kg ha
-1
) and weed control measures. 
 
2.3.4 Imaging Box and Software 
 All images were taken using our corn root imaging box (CRIB) and processed and 
analyzed employing our software. The CRIB consists of a box with two shelves. The top shelf 
contains dual diffusing cloths. Two monochrome cameras (Unibrain Fire-i 701b), with a 
maximum resolution of 1280*960 pixels were mounted, one between the diffusing cloths in the 
top shelf, and another in a side panel to obtain top view and lateral view images.  The cameras 
were controlled by a program written in MatLab®, using an IEEE 1394 (FireWire®) interface. 
The bottom shelf served as a platform that contains a spike on which the root was pinned upside 
down, after punching a hole in the stalk.  Underneath the spike, a stepper motor was mounted 
that rotated the root to obtain four lateral images.  The stepper motor was controlled by a driver 
board (model KTA-196, Ocean Controls, Seaford BC, Australia) through a serial connection, 
under control of the same program that communicated with the cameras.  In addition to ensuring 
proper lighting, background subtraction was used to obtain high-contrast images.  This was 
accomplished in software written in MatLab®. Before the operator placed a root in the imaging 
box, the control program acquired two background images for each root, one from above and one 
from the side.  Subsequently, the operator placed the root on the spike and, after closing the door, 
one top image (‘vertical image’) and one lateral image (‘horizontal image’) were acquired.  The 
machine then automatically rotated the root three times through 90 degrees, so that three more 
lateral root images were obtained.  For analysis, the difference images between the background 
image and the image containing the root were used.  Figure 2 shows a composite image, where 
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the top two images are originals without background subtraction, and the bottom two images 
show the effect of background subtraction (Appendix A). 
 
2.3.5 Root System Evaluation  
 Root systems were evaluated for their fractal dimension (FD) and root angle (RTA) (Grift 
et al., 2011, Appendix A). Fractal dimensions were calculated from six images per root, i.e., two 
images showing the root base (“vertical camera views”, see Chapter 1) and four images showing 
side views of each root (“horizontal camera views”). For the subsequent statistical analysis 
fractal dimensions for vertical (FDV) and horizontal views (FDH) were average, respectively. 
The RTA was determined as outlined by Grift et al. (2011, Appendix A). 
 
 2.3.6 Above Ground Plant Trait Evaluation (AGP) 
 Nine AGP traits were evaluated, i.e., plant height (PHT), ear height (EHT), days to male 
flowering (DMF) and female flowering (DFF), anthesis-silking interval (ASI), SPAD meter 
readings (SPAD), plot yield (YLD), grain yield per plant (GYT) and stem diameter (STD).  PHT 
was measured as the distance in centimeters (cm) from soil level to the flag leaf node. EHT was 
measured as the distance in centimeters (cm) from soil level to the shoot node. ASI was 
determined for each plot as the difference between DFF and DMF (days). DFF corresponds to 
the date when 50% of the plot has about 5cm of visible silk. DMF corresponds to the date when 
about 50% of the plot has about one quarter of the main spike shedding pollen. SPAD were taken 
from two readings on two ear-leaf positions for five consecutive plants in each plot.  SPAD 
reading were taken at two different dates about one month apart. SPAD readings were done 
using a Minolta SPAD-502 leaf chlorophyll meter (Soil Plant Analysis Development, Minolta 
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Camera Co., Ltd., Japan).  YLD (g) was calculated as, )(
1
CWEW
n
i


where, EW corresponds to 
the ear weight, CW to the cob weight, and i represent the number of ears per plot. GYT (g) was 
calculated as )/( NYLDGYT   where N corresponds to the total number of ears per plot. The 
imaging software determined the stem diameter (STD) in pixels from each root image.  
  
2.3.7 Data Analysis  
 An analysis of variance (ANOVA) was performed for all traits across years applying the 
following model:  
ijklmlijillkijjiiijklmy   )()()( )()(                                              [Eq. 1] 
 Where, ijklmy  denotes the plot mean of genotype l, μ is the overall mean, i is the random 
effect of the i
th
 year, β(i)j is the random effect of the j
th
 rep in the i
th
 year, kij)(  is random the 
effect of the k
th
 block in the j
th
 rep of the i
th
 year, 
l  
is the fixed effect of the l
th
 genotype, 
il)(
is the random effect of the l
th
 genotype by the i
th
 year interaction, lij)()(  is the random effect of 
the l
th
 genotype by the  j
th
 rep in the i
th
 year interaction, and ijklm  represents the random residual 
error NID ),0( 2 . Least square means (LSMEANS) for the fixed effect was computed, and the 
PDIFF option on the LSMEANS statement was used to detect significant differences among 
least square means for comparison between parents and checks. Heritability estimated were 
calculated on an entry-mean basis as described by Hallauer and Miranda (1998): 
)/ˆ/ˆˆ/(ˆˆ 22222 reeh egegg   , where 
2ˆ
g  represents the genotypic variance component, 
2ˆ
ge  
represents the genotype-by-environment interaction variance component, and 
2ˆ
e  represents the 
error variance, r represents the number of replications, and e represents the number of 
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environments, for each trait were obtained from ANOVA using MIXED procedure in SAS (SAS 
Institute, 2010).   
 
Using the previous model, differences between RILs were not significant for RTA. For this 
trait a single year analysis was conducted using the following model:  
ijkkjiiijky   )(                                                                                                   
[Eq. 2] 
 Where, ijky  denotes the plot mean of a genotype k, μ is the overall mean, i  is the 
random effect of the i
th
 replication, ji)(  is random the effect of the j
th
 block in the i
th
 replication, 
k  is the fixed effect of the k
th
 genoype,  and ijk  represents the random residual error (NID
),0( 2 . Repeatability was estimated on an entry mean basis, as: )/ˆˆ/(ˆˆ 2222 rh gg   , where 
2ˆ
g  represents the genetic variance,
2ˆ  represents the error variance, and r represents the number 
of replications. Phenotypic correlations coefficients were calculated among traits by applying 
standard methods (Mode and Robinson, 1959). All analyses were performed using SAS 
statistical software 9.2 (SAS Institute, 2010).  
 
2.3.8 North Carolina III Design  
The North Carolina III design was analyzed according to Hallauer et al. (2010). The 
analysis of variance for the design III progenies was tested in a single environment using the 
following model: 
ijklkllkjiiijkly   )()(                                                                          
[Eq. 3] 
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 Where, ijklmy  represents the plot mean of a genotype l, μ is the overall mean, i is the 
random effect of the i
th
 rep, β(i)j is random the effect of the j
th
 block in the i
th
 rep, 
k  is fixed 
effect of the k
th
 inbred parent, 
l is the random effect of the l
th
 RIL, 
kl)(  is the random effect 
of the k
th
 inbred parent by the l
th
 RIL interaction, and ijklm  represents the random residual error 
NID ),0( 2 . 
 
 The average level of dominance, D, for FDV, FDH, RTA, and STD was estimated 
following the approach suggested by Hallauer et al. (2010), as, 
PRIL
errorRILP
MSMS
MSMS
D


 
                                                                                                   [Eq. 4]
 
 Where, the subscript P×RIL represents the interaction of the RILs and the inbred parents, 
the subscript P indicates which parent was used to make the cross, and the subscript RIL 
indicates the RIL. According to Comstock and Robison (1952) additive and dominance variance 
can be estimated as 22 )
2
1(ˆ pqaent   and 
22ˆ pqdentpar  , where p and q denote allele 
frequencies at a given locus in the maize genome, and a and d are additive and dominance 
effects, respectively. Since for an F2 derived population expected allele frequencies are p =q=1/2, 
the expectation for the additive variance is 
22 ˆ4ˆ entA    and for the dominance variance, 
22 ˆˆ
entparD  . Levels of dominance were defined as no dominance if D = 0, partial dominance if 
10  D , complete dominance if D = 1, and over-dominance in the case of D > 1. Dominance 
was only estimated if a significant effect (P < 0.05) was found for the interaction P×RIL. 
Heritability calculation were based on the plot mean and determined as, 
)ˆ4ˆ/ˆ/(ˆ4ˆ 22222 RILRILPErrorRIL rh     
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Where, 2ˆ RIL  represents the RILs variance, 
2ˆ
RILP  
 represents the interaction of the RILs 
and the inbred parents variance, 2ˆ
Error  represents the error variance, and r represents the number 
of replications. 
 
2.3.9 QTL Analysis for the RILs  
The genetic map for the randomly mated B73×Mo17 (IBM) population (Davis et al., 
2001) is comprised of  1000 RFLP and  850 simple sequence repeat (SSR) markers (Coe et 
al., 2002). In this study, the genotypic data consisted of 1167 markers evenly distributed across 
the maize genome. A composite interval mapping approach was employed for QTL detection 
and estimation of the QTL effects for each trait. A LOD threshold of 2.5 or a likelihood ratio of 
11.5 was chosen for declaring a putative QTL significant. The additive genetic effect for each 
QTL was estimated as a = (MB73 – MMo17) / 2, where MB73 
and MMo17 represent the phenotypic 
mean of all RIL carrying the allele of parents B73 or Mo17, respectively. The linkage map was 
plotted by scanning each chromosome in one cM steps. The R
2
 was determined based on the 
closest marker of the target QTL. Two QTL were declared “common” if detected in the same bin 
interval. All necessary calculations were performed with QTL Cartographer Version 2.5 using 
composite interval mapping. 
 
2.4 Results  
2.4.1 Root System Evaluation for the RILs 
 The FDV values for parental inbreds B73 and Mo17 were 1.80 and 1.81, respectively. 
For RILs FDV means ranged from 1.73 to 1.84 with an overall mean of 1.79 (Fig. 2.1). The 
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heritability for FDV was highly significant (h
2
= 0.83). For FDH, the parental means were 1.83 
for B73 and 1.81 for Mo17. RILs showed FDH means varying between 1.76 and 1.84 with a 
total mean of 1.80 (Fig. 2.2). The heritability for this trait was moderately high (h
2
= 0.73) (Table 
2.2). Means for FDH and FDV were not significantly different between parents B73 and Mo17.  
For both root complexity traits no significant differences were found between midparent values 
 ̅ and    ̅̅ ̅̅ ̅ population means. Single year analyses were conducted for RTA. RTA means of 
inbred B73 varied significantly between 2009 and 2010, whereas RTA means for Mo17 were not 
significantly different. In 2009 RIL RTA means varied between 51.89° and 70.35° with a mean 
value of 61.93° (Fig. 2.4, 2.5). RTA RIL means were smaller in 2010 than in 2009, which 
indicated more acute angled root systems in 2010 than in 2009. Heritability estimates for RTA 
were high in both years (Table 2.4). 
 
2.4.2 Above Ground Plant Evaluation for the RILs 
 Across years, parental inbred B73 showed a significantly (P <0.01) larger STD mean than 
inbred Mo17. Differences among RILs were highly significant for STD, with STD means 
ranging from 94.11 to 223.28 pixels (Table 2.2, Fig. 2.3). The heritability estimate of STD was 
of moderate size (h
2
=0.67). Midparent value   ̅ was significantly larger than the population mean 
   ̅̅ ̅̅ ̅ (Table 2.2). Inbred B73 showed significantly larger plant and ear heights. For both traits the 
RIL population demonstrated transgressive segregation with PHT means ranging from 128.66 
and 198.82 cm with an average value of 167.98 cm and with EHT means varying between 51.77 
and 113.77 cm with an average of 82.51 cm (Fig. 2.6). Both traits were highly heritable (Tab. 
2.2). Inbred Mo17 showed a significant larger ASI. Means for ASI varied among RILs between 
0.56 and 6.04 days with an average of 2.72 days (Fig. 2.8). The parental inbreds did not represent 
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the extremes of the distribution for ASI, indicating the presences of transgressive segregation for 
ASI in the IBM population. The heritability for ASI was of moderate size with  h
2 
= 0.77 (Table 
2.2).  Inbred B73 showed a significant larger SPAD. Means for SPAD range for the RILs varied 
between 0.86 and 14.55 with a mean value of 7.47 (Fig. 2.9). The heritability for SPAD was of 
moderate size h
2
= 0.47 (Table 2.2). With regard to plot yield (YLD) and yield per plant (GYT) 
B73 significantly outperformed Mo17. Among RILs YLD varied between 191.99 and 697.20 g 
and GWT ranged from 43.25 to 148.25 g (Fig. 2.11, 2.11). The orthogonal contrast of the mean 
performance of the two parents B73 and Mo17 ( ̅) and the overall mean of the RILs (   ̅̅ ̅̅ ̅) was 
significant for both traits (Table 2.2). Heritability estimates were of moderate size for both traits 
(Table 2.2). 
 
2.4.3 Phenotypic Correlations for the RILs 
Phenotypic correlations among most of the AGP were significant (P< 0.01). High 
significant correlation was found between PHT and EHT (rp=0.90). SPAD was negatively 
correlated with YLD and GWT. For the root traits, FDV has significant highly correlated with 
FDH (rp=0.89). FDV as significant correlated with most of the upper traits. RTA was moderate 
associated with YLD and GWT. STD was moderate associated with FDV and FDH but 
negatively associated with STD (Table 2.1). 
 
2.4.4 QTL Analysis for the RILs 
Eight QTL were found for PHT on chromosomes 1, 2, 3, 6 and 9 (Tab. 2.5), explaining 
between 7.74 and 22.24% of
2ˆ
p .  A total of seven QTLs were found for EHT. These QTLs were 
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located on chromosomes 1, 3, 4, 6 and 9. The QTLs explained between 8.49% and 19.90% of 
2ˆ
p (Table 2.6). Eleven QTLs were found for ASI on chromosomes 4, 5, 6, 7, 8, and 10. These 
QTLs explained between 5.57% and 26.48% of 
2ˆ
p (Table 2.7). Three QTLs were found for 
SPAD on chromosome 1, 3 and 9. These QTLs explained between 2.89% and 6.00% of the 
2ˆ
p
(Table 2.8). A total of five QTLs were found for PGW on chromosomes 1, 4, 6, and 9. These 
QTLs explained between 9.23% and 21.85% of 
2ˆ
p (Table 2.9). Seven QTLs were found for 
grain YLD per plant on chromosomes 1, 4, 6 and 10. These QTLs explained between 7.14% and 
22.77% of 
2ˆ
p (Table 2.10). A total of three QTLs were found for FDV on chromosomes 5, 6, 
and 9. These QTLs explained between 13.68% and 29.11% of 
2ˆ
p (Table 2.11). Three QTLs 
were found for FDH on chromosomes 5 and 6. These QTLs explained between 10.85% and 
23.08% of 
2ˆ
p (Table 2.12). Four QTLs were found for STD on chromosomal BINs 1, 3, 5, and 
8. These QTLs explained between 9.60% and 16.95% of 
2ˆ
p (Table 2.13). Five QTL were found 
for the RTA for 2009, on chromosomes 2, 3 and 9.  These QTL explained between 27.20% and 
11.39% of 
2ˆ
p (Table 2.14). For 2010, six QTL were found on chromosomes 1, 2, 4 and 5. These 
QTL explained between 20.44% and 8.93% of 
2ˆ
p (Table 2.15). For all traits both parents 
contributed alleles increasing trait values. 
 
2.4.5 North Carolina III Design Evaluation 
Genotypic variances among RILs were highly significant (P < 0.001) for per se and 
testcross performance (Table 2.3). Estimates of   
  in RILs per se were consistently larger than in 
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their Design III progenies, except for FDH. Heritability estimates for testcross progeny of RILs 
across parental testers were moderate to high and ranged from 0.64 for STD to 0.86 for FDH. 
Additive (  
 ) and dominance (  
 ) variances were highly significant (P<0.001) for all root 
system characteristics but not for STD. For STD only a significant (P<0.01)   
  was found. The 
observed average degree of dominance (D) for root system traits varied between 0.2 and 0.46 
(Table 2.3). 
 
2.5 Discussion 
 The design III crossing scheme was developed by Comstock and Robinson (1948) with 
the objective to estimate the average level of dominance affecting a trait without making any 
assumption regarding allele frequencies (Hallauer et al. 2010). According to Kusterer et al. 
(2007) the design III can be used to investigate heterosis in the presence of epistasis because 
“they provide estimates of augmented dominance effects (Melchinger, Utz, Piepho, Schoen, 
unpublished results)”. Augmented dominance effects “capture the effects of dominance as well 
as the sum of additive × additive epistatic interactions of a QTL with the genetic background 
contributing to heterosis” using the F2 population as a reference (Kusterer et al. 2007). If a Triple 
Test Cross design is used, which also employs crosses between RILs and their parental F1 
hybrid, it is possible to estimate the contribution of epistatic interactions to heterosis. However, 
these RIL × F1 crosses were not available in this experiment, why we had to resort our efforts to 
the estimation of the augmented dominance effects.  
 
Heterosis, or hybrid vigor, is the superior performance of the F1 hybrid in comparison to 
the parental lines. Hoecker et al. (2006) conducted a study to determine heterosis at early maize 
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root development. Four German lines belonging to the flint and dent pools and their 12 
reciprocal hybrids were used to measure root traits, i.e., primary root length and width, 
longitudinal size of cortical cells in primary roots, number of seminal roots and lateral root 
density. All the measured traits showed heterosis at different levels. To our knowledge no 
heterosis studies have been performed for the postembryonic root system. As outlined in 
Chapter1 we did not find any correlation between the embryonic and postembryonic root system. 
Despite this lack of association between these root types, we also detected significant partial 
dominance for postembryonic root systems indicating the presence of heterosis. 
 
 In our study we evaluated RILs belonging to the IBM population. By using RILs we were 
able to maximize the genetic variance, which leads to an increased power of F-tests and reduce 
the standard error of variance component estimates. RILs also have the advantage of a reduced 
biasing effect of linkage. Since the IBM population was four times random mated the effect of 
linkage was further reduced. However, due to the small number of RILs our precision of 
parameter estimates might be low. Nevertheless, even though the number of RILs was low, our 
variance component estimates are significantly different from zero. Nonetheless, we continued 
this experiment with a larger set of RILs. A comparison will provide us with an estimate of 
precision obtained in this experiment using a small population size. In addition, our results 
showed that FD values for both inbred parents were not significantly different. However, their 
progeny showed significant transgressive segregation. This indicates that FD has a different 
genetic basis in both parents, even though their FD phenotypes are similar. However, the inbred 
parents significantly differed for other root traits such as RTA.    
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 Important resources for plant survival, as water and nutrients, are heterogeneously 
distributed in the soil matrix. Root systems are plastic structures (Williamson et al. 2001) 
meaning that the exploitation of these resources is influenced by root development and 
morphology. Also, the contrasting modifications of the root system displayed by different 
genotypes are an indication of their capacity to adapt to different environments. This will 
improve the chances of plant survival (van Beem and Smith, 1997). Twelve inbreds were planted 
under two nitrogen regimes (0 and 125 kg N/ha). These inbreds represent maize lines developed 
between 1949 and 1983. Root size was estimated as well as root capacitance and root fresh 
weight. The results demonstrated that one third of the genotypes respond to high nitrogen levels 
by increasing their root size, the other genotypes maintained the root size independently of the 
nitrogen availability (van Beem and Smith, 1997). One aim of our study was to determine 
associations between AGP and root system characteristics for maize. Understanding morpho-
physiological changes will help to develop environment adapted maize plant ideotypes. The 
ideotypes refers to one or several characteristics that are ideal for a certain purpose (Cilas et al., 
2006). A group of traits can define an ideotype, of great importance for maize breeders are those 
traits that contribute to yield increases. In order to develop ideotypes traits need to have high 
genetic variance and heritability (Falconer, 1989). Also, if tight correlations are found between 
AGP and root traits, AGP can be used for indirect selection of the root trait of interest without 
the use of destructive methods such as root digging.  
 
 Ten traits, seven of the above part of the maize plant and three root traits, were measured 
for their phenotypic performance. PHT and EHT are important traits in maize breeding because 
they impact plant development under high planting densities and affect lodging capacity (Zhang 
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et al. 2011). These authors evaluated inbreds for their per se and testross performance and 
reported high heritability estimates for both traits.  Most of the AGP and root traits showed 
moderate to high heritability estimates indicating that these traits were mostly affected by 
genotype and to a lesser degree by the interaction of the genotype with the environment. 
Phenotypic correlations results for this work match previous reports. We observed significant 
negative correlation between ASI and YLD and GWT. This result was not a surprise since we 
expect that the shorter time between pollen shedding and silk emergence increases the chance of 
fertilization. Under drought ASI increases leading to grain yield reduction (Bruce et al. 2002). 
For tropical maize under drought stress Bolanos and Edmeades (1996) reported that higher ASI 
is associated with lower yield, which confirms our results. Also, Messmer et al. (2009) reported 
negative associations between ASI and grain yield of the same magnitude as in our study. FDV 
and FDH were highly correlated. This high correlation is in agreement with the results we 
obtained from additional experiments (see Chapters 1 and 3). Also, in agreement with the next 
chapter RTA and STD were significantly negatively correlated. RTA was significant associated 
with YLD and GWT. This association has been previously reported by Hammer et al. (2009). 
We detected the same association using field data supporting the findings of Hammer et al. 
(2009) using modeling data. Surprisingly, the FDH was not significant correlated with AGP.  
 
 We declared a QTL to be present in a chromosomal region if the LOD value of our test 
statistic was larger than our threshold of 2.5. In addition, we assumed that QTL for highly 
correlated traits located in the same chromosomal BIN had the same genetic basis and were 
pleiotropic to both traits.  Pleiotropy according to Bernardo (2010) “occurs when two traits are 
controlled by the same loci, naturally leads to a genetic correlation between the two traits. The 
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correlation between pleiotropic traits has a physiologic basis”. In our study many of our traits 
have a physiologic basis for example FDV and FDH are probably influenced by the activity of 
the same meristem or biochemical pathway. For most traits we detected a small number of QTL. 
For complex traits we expect that their inheritance is governed by a large number of QTL with 
small effects. The low number of QTL detected in our experiment can be explained by the low 
power of QTL detection due to small population size used. Given the low power of QTL 
detection, we expected to detect primarily large effect QTL. The high values of the LOD scores 
(>5.0) of 12 QTL and their substantial R
2
 values indicate that major effect QTL were detected. 
However, QTL effects are known to be upwardly biased. This bias is caused by the fact that in 
general QTL mapping and effect estimation is done using the same set of genotypes. Less bias 
QTL effect estimates can be obtained using cross-validation or re-sampling strategies (Utz et al., 
2000). These will be applied to our data in a second step. In addition, we will verify the QTL 
results using the complete IBM population as our verification set (Chapter 1). Our results point 
to QTL with large effects, which could be used as potential candidates for fine mapping 
experiments. Our confidence for the validity of these large effects QTL is high given the fact that 
some of these were located in regions reported also by others.   
 
 To validate and support our findings we compared our QTL results with QTL reported in 
other studies. Also, the co-localization of QTL identified for correlated traits might imply a 
possible common genetic mechanism, i.e., pleiotropy, (Lebreton et al. 1995; Agrama and 
Moussa, 1996; Tuberosa et al. 2002b) or tight linkage.  Sheridan (1988) reported that plant 
height is controlled by a minimum of 27 loci. In agreement with Sheridan (1988) we identified 
several QTL with large effects contributing to the quantitative inheritance of plant height. Some 
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of the QTLs detect in this study match previous QTL reports for plant height (Schön et al. 1993, 
1994; Veldboom et al. 1994). According to Zhang et al. (2011) who used different maize 
populations, which included US dent and European dent and flint materials, QTL on BIN 1.09 
were reported by Beavis et al. 1991, Veldboom and Lee, 1996, Lübberstedt et al. 1997, and Tang 
et al. 2007. Lu et al. (2010) identified two QTL for ASI under water stress on BIN 8.03 and 8.06, 
which were also detected in our experiment. BIN 8.03 was also confirmed by Messmer et al. 
(2009) to affect ASI under well-watered growing conditions. These overlapping results confirm 
previous reports that ASI is stably inherited across environments. Due to the high degree of 
genetic complexity of grain yield (YLD and GWT) and its sensitivity to environmental growing 
conditions, we expected to find fewer common QTL positions across studies. Beavis et al. (1994) 
stated that multiple factors can influence the detection of QTL of which (1) sampling effects, (2) 
population size, and (3) genotype×environmental interactions are the most important factors. 
Also, yield is controlled by many small effects QTL, which we were unable to detect given the 
limited power of our experiment. To identify these small effects QTL, very large population 
sizes (> 500 genotypes) are needed (Beavis et al. 1994). For root traits we found common QTL 
for FDV and FDH in chromosomal BINs 5.01 and 6.02. We expected to find common QTL for 
these two traits due to their tight correlation. Interestingly, we also observed a common QTL 
location for root complexity (FDH and FDV) and RTA.  Several QTL were found in common 
between AGP traits and root system characteristics, as expected by their correlations. 
 
 Our study demonstrated that root traits influence AGP plant characteristics. Root traits 
showed partial dominance indicating that the postembryonic root complexity is a heterotic trait. 
Linkage disequilibrium is at its maximum in an F2 population. Repulsion and coupling linkage 
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phases can cause an upward bias of the average level of dominance (Wolf et al., 2000).  Random 
matting the F2 population breaks repulsion linkages that would lead to pseudo-dominance 
(Bernardo, 2010). The design III also assumes no epistasis (Hallauer et al., 2010) or of little 
importance. Contradictory results have been reported about the importance of epistatic effects 
(Wolf et al. 2000). If detected, epistasis can contributed significant alleles to heterosis. Using 
molecular markers and QTL information we have the opportunity to assist our quantitative 
genetic analysis with regard to determine the extent and effect of epistasis. Based on these 
insights, we want to investigate how root complexity affects plant performance (AGP traits) 
under nitrogen stress. 
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2.7 Tables 
 
 
Table 2.1  Phenotypic correlation coefficients among above ground plant traits and root system 
characteristics estimated in a population of 61 RILs belonging to the IBM population.  
 
EHT ASI SPAD YLD GWT FDV FDH RTA STD 
PHT 0.90*** 0.04 ns -0.02 ns 0.43*** 0.50*** 0.51*** 0.03 ns 0.45*** 0.19*** 
EHT 
 
0.02 ns -0.01 ns 0.44*** 0.51*** 0.52*** 0.04 ns 0.41*** 0.19*** 
ASI 
  
-0.14*** -0.26*** -0.32*** 0.05 ns -0.06 ns 0.01 ns -0.09** 
SPAD 
   
-0.12*** -0.11* 0.05 ns 0.01 ns -0.03 ns 0.11* 
YLD 
    
0.93*** 0.27*** -0.02 ns 0.40*** 0.11* 
GWT 
     
0.26
***
 -0.07
ns
 0.41
***
 0.09
**
 
FDV 
      
0.89** 0.09 0.47** 
FDH 
       
0.02 0.63** 
RTA 
        
-0.35** 
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Table 2.2  Means, variance components, and heritabilities for above ground plant traits and root system characteristics estimated 
for the per se performance of 61 RILs selected from the IBM population. 
  Means    Variance Components  
Trait Unit B73 Mo17    ̅̅ ̅̅ ̅ Min Max SD 
2ˆ
g  
2ˆ
eg  
2ˆ
error  
2hˆ  
            
            
PHT cm 178.15 169.46 167.98 128.66 198.82 18.44 256.61 23.13 56.57 0.92 
EHT cm 90.00 85.65 82.51 51.77 113.77 13.08 125.64 23.43 56.77 0.86 
STD pixel 207.11 157.51 157.45 94.11 223.28 23.70 445.85 169.36 831.46 0.67 
ASI days 1.54 5.02 2.72 0.56 6.04 1.36 1.84 0.73 1.06 0.77 
SPAD  9.96 5.60 7.47 0.86 14.55 3.11 4.49 3.08 20.78 0.47 
YLD g 477.31 399.91 450.18 191.99 697.20 108.84 4529.71 7087.29 6192.96 0.50 
GWT g 95.79 79.98 94.77 43.25 148.25 22.57 244.24 220.08 231.81 0.62 
            
            
FDV  1.80 1.81 1.79 1.73 1.84 0.03       0.00049 0.00009 0.00030 0.83 
FDH  1.83 1.81 1.80 1.76 1.84 0.02 0.00025 0.00010 0.00025 0.73 
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Table 2.3  Means, variance components, and heritabilities for root system characteristics and stem diameter estimated for the 
Design III testcross progeny performance of 61RILs selected from the IBM population. 
 Mean    Variance Components    
Trait B73 Mo17 P×RILs Min Max SD 
2ˆ
g  
2ˆ
RILP  
2ˆ
error  
2hˆ  Additive D 
FDV 1.79 1.82 1.84 1.80 1.87 0.02 0.00019 0.00010 0.00026 0.80 0.00076 0.46 
FDH 1.81 1.81 1.83 1.78 1.85 0.01 0.00016 0.00001 0.00023 0.86 0.00064 0.20 
RTA 45.98 69.29 62.48 52.14 80.27 6.52 31.78 13.16 54.45 0.80 127.12 0.41 
             
STD 176.24 148.81 187.87 153.92 225.80 20.64 189.34 3.96 1254.31 0.64 757.36 ns 
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Table 2.4  Root angle means and variance components for the 61 RILs selected from the IBM 
population.  
Year 
Means    
Variance 
Components 
 
B73 Mo17    ̅̅ ̅̅ ̅ Min Max SD 
2ˆ
g  
2ˆ
error  
2hˆ  
2009 67.97 59.33 62.01 51.89 70.35 3.67 11.66 10.69 0.77 
          
2010 38.52 57.87 52.23 40.45 68.91 6.66 53.09 29.96 0.84 
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Table 2.5     Parameters associated with QTL for PHT. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.09 849.61 glb1 AY110452 2.84 7.74 -5.34 
2.04 321.31 p-Bnlg121 p-umc145 3.43 8.18 -6.64 
3.04 238.11 p-umc1223 AY110403_SNP 3.35 9.63 -7.96 
3.04 296.51 p-umc2002 p-cdo344 4.74 18.59 11.46 
3.05 303.71 p-umc1174 p-mmpP6E02 6.75 22.24 12.42 
3.05 311.51 p-rz296 p-std606050F09 4.78 19.82 10.81 
6.07 536.61 AY109996_IDP p-std614041E03 4.55 14.39 -7.23 
9.04 285.81 p-psr129 p-umc1107 3.96 11.64 -6.78 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.6     Parameters associated with QTL for EHT. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.07 671.31 AY111834 dmt103c 2.71 9.34 -4.25 
3.05 305.81 p-mmpP6E02 p-umc1693 5.71 15.82 6.05 
3.05 311.51 p-umc1693 p-rz296 5.08 16.30 6.23 
4.11 736.71 p-umc169 p-umc2290 3.37 8.49 3.92 
6.07 540.91 AY109996_IDP p-umc2324 4.01 11.39 -4.61 
6.08 547.51 p-std614041E03 p-umc2324 3.94 11.41 -4.52 
9.04 276.21 p-Bnlg1209 p-psr547 5.43 19.90 -6.23 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.7     Parameters associated with QTL for ASI. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
4.08 491.71 AY112127_IDP p-ufg113-015 7.51 26.48 -0.76 
4.08 522.11 p-umc2285 p-umc15 2.76 6.26 -0.51 
5.03 219.21 p-Bnlg1046 p-Bnl7.56 3.42 9.55 -0.45 
5.03 229.21 p-csu340 p-mmpP6F11 3.08 8.71 -0.43 
6.07 483.51 AY110400_SNP p-umc2323 5.35 16.53 -0.57 
6.07 497.81 p-mmpP2H08 AY109797_SNP 3.54 12.21 -0.48 
7.01 125.21 p-umc1066 p-umc2325 2.87 7.78 0.39 
8.03 237.81 p-mmpP5B12 p-umc1984 4.18 13.72 -0.55 
8.03 248.91 p-umc2075 AY110032_SNP 5.11 16.75 -0.61 
8.06 432.41 AY109883_SNP p-umc1728 2.52 5.57 0.35 
10.03 195.61 AY105746_IDP p-umc1345 3.01 7.36 0.39 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.8     Parameters associated with QTL for SPAD. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.09 877.21 msu2(iaglu) mmp195d 4.47 17.48 1.31 
3.01 23.81 p-umc2255 p-umc1394 6.00 26.37 -1.69 
9.02 125.71 p-ZmISU111 p-umc1636 2.89 10.43 -1.03 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.9     Parameters associated with QTL for YLD. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.11 1088.31 AY110160_SNP p-csu1089 2.95 11.33 36.92 
4.08 534.61 p-umc15 AY105971_IDP 3.42 12.64 38.82 
6.01 116.21 p-mmpP1G01 p-mmpP2F05 5.71 21.85 -51.54 
6.04 229.91 p-pl(Tx303-1.6-2) p-ZmISU61 2.53 9.23 33.71 
9.07 594.91 p-mmpP6A11 AY106323_IDP 3.41 15.05 45.50 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.10   Parameters associated with QTL for GYT. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.12 1110.71 p-phi064 p-Bnl6.32 3.13 9.98 7.42 
4.01 22.91 p-csu221 p-umc2279 3.49 10.95 7.87 
6.01 116.21 p-mmpP6D05 p-mmpP1C03 6.44 22.77 -11.00 
6.01 122.51 p-mmpP2F05 p-rz444 2.96 14.92 -9.01 
6.04 229.91 p-pl(Tx303-1.6-2) p-umc2006 4.82 16.83 9.54 
10.07 473.91 p-Bnlg1677 p-Bnlg1450 2.75 7.14 6.36 
10.07 492.71 p-Bnlg1450 p-php20568 3.28 9.49 7.35 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.11   Parameters associated with QTL for FDV. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
5.01 71.51 p-umc1260 p-umc1679 3.67 14.20 -0.01 
6.02 128.11 p-rz444 p-std946034H07 6.39 29.11 0.01 
9.03 260.21 p-umc1743 p-Bnl7.13 3.43 13.68 -0.01 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.12   Parameters associated with QTL for FDH. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
5.01 71.51 p-umc1260 p-Bnl7.21 3.52 12.61 -0.01 
5.05 391.91 p-Bnl5.71 p-std606054A08 2.84 10.85 -0.01 
6.02 129.11 p-rz444 p-MIR1 5.64 23.08 0.01 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.13   Parameters associated with QTL for STD. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.06 520.91 myb6 umc2234 3.99 15.27 9.58 
3.07 562.11 p-umc2272 AY104511_IDP 4.39 16.95 -9.94 
5.03 139.51 p-umc2293 p-rz474 2.56 9.60 7.38 
8.04 323.81 AY104017_IDP p-gta101 3.47 12.62 9.06 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.14   Parameters associated with QTL for RTA for 2009. Parameters were estimated from 
the phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
2.02 83.31 p-umc1265 AY109603_SNP 2.82 16.29 1.53 
2.02 93.31 p-std683001H06 p-mmc0111 3.11 11.39 1.25 
3.07 562.11 p-umc2272 AY104511_IDP 4.15 15.90 -1.50 
9.04 275.21 p-LIM166 p-Bnlg1209 3.48 18.61 1.61 
9.04 285.81 p-psr129 p-umc1107 6.52 27.20 1.95 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 2.15   Parameters associated with QTL for RTA for 2010. Parameters were estimated from 
the phenotypic data of 61 RILs derived from the cross B73×Mo17. 
BIN† Pos Marker Interval LOD R2 (%)§ add‡ 
1.08 802.81 an1 umc1383 4.64 17.67 -3.06 
1.09 817.71 AY109506 ufg53 3.53 14.96 -2.75 
2.04 339.31 p-5C05F04 p-umc1454 3.18 11.30 -2.38 
4.08 507.91 p-ufg113-015 AY110631_SNP 2.56 8.93 2.13 
4.10 707.81 AY109668_IDP p-std606037B04 2.72 9.95 2.26 
5.01 131.81 AY109733_SNP p-rz630 4.51 20.44 -3.09 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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2.8 Figures  
 
 
 
 
 
 
 
 
 
Fig. 2.1  Distribution of the least square means for FDV of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.2  Distribution of the least square means for FDH of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.3  Distribution of the least square means for STD of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.4  Distribution of the least square means for RTA 2009 of 
61 RIL along with the parents B73 (B) and Mo17 (M). 
 
 
 
 
 
 
 
 
 
 
  
0
2
4
6
8
10
12
14
50 51.8 53.6 55.4 57.2 59 60.8 62.6 64.4 66.2 68 69.8 71.6
M 
B Fr
eq
u
en
cy
 
RTA 
 118 
 
 
 
 
 
 
Fig. 2.5  Distribution of the least square means for RTA 2010 of 
61 RIL along with the parents B73 (B) and Mo17 (M). 
 
 
 
 
 
 
 
 
 
 
  
0
2
4
6
8
10
12
39 41.8 44.6 47.4 50.2 53 55.8 58.6 61.4 64.2 67 69.8
B 
M 
F
re
q
u
en
cy
 
RTA 
 119 
 
 
 
 
 
 
Fig. 2.6  Distribution of the least square means for PHT of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.7  Distribution of the least square means for EHT of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.8  Distribution of the least square means for ASI of 61 RIL 
along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.9  Distribution of the least square means for SPAD of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.10 Distribution of the least square means for GYT of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 2.11 Distribution of the least square means for YLD of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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CHAPTER 3 - Effect of Nitrogen on Root System Complexity in Maize (Zea mays L.)
1
 
 
3.1 Abstract 
 Yield increase has been a constant goal for maize breeders. Nitrogen application is one of 
the factors linked to an increase in maize yield. This important nutrient is assimilated by the root 
system to match plant demands. According to Masclaux-Daubresse et al. (2010) “external stimuli 
or stresses as well as nutritional status of the plant modulate the expression and/or the activity of 
transport systems and enzymes by various regulatory mechanisms”. Since nitrate is uptake at the 
root level, root morphology should have an impact on this process. The purpose of this research 
was to investigate the effect of nitrogen application on four traits in field studies.  Roots of 61 
recombinant inbred lines (RILs) selected from the B73×Mo17 (IBM) population were evaluated 
at the flowering stage for their fractal dimension, root angle (RTA), and stem diameter (STD). 
The 61 RILs were selected based on the phenotypic values for root fractal dimension of 231 
RILs of the IBM population using a principal component analysis. The RILs were exposed two 
nitrogen regimes (0 kg ha
-1
N and 180 kg ha
-1
N) levels in years 2009 and 2010. No significant 
differences for the different nitrogen rates were found for complexity as well as for the traits 
RTA and STD. Further statistical analysis was performed disregarding the nitrogen treatments 
due to their non-significance. We found genotypic significances for all traits except for RTA in 
2009. Genotypic correlations and heritability among traits were found to be moderate to high 
except for the relationship between FD (obtained from images showing a horizontal view of 
roots) and RTA. Using composite interval mapping method significant QTL were found for all 
root traits. 
                                               
1
 Reprinted, with permission, from Elsevier Ltd, 2011, “High-Throughput Phenotyping Technology for Maize Roots”, Biosystems 
Engineering 110: 40-48. 
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3.2 Introduction 
 The FAO (2010) predicts that the world population will rise by one third from 6.8 billion 
today to 9.1 billion by 2050. Most population growth will occur in developing countries where 
environmental conditions are already challenged. Of all the nutrients that impact plant 
development and productivity, nitrogen has been referred as one of the most important based on 
the direct impact on grain yields. According to Moose and Bellow (2009) maize grain yield is 
positively correlated with the amount of nitrogen supplied. One of the challenges of modern 
breeding is to select for nitrogen use efficiency crops while improving yield and reducing 
nitrogen leaching (Coque and Gallais, 2006). Nitrogen use efficiency in maize was defined by 
Moll et al. (1982) has grain produced per unit of nitrogen applied. This implies that when two 
genetically identical plants grow under low nitrogen inputs the one that yields more has better 
nitrogen use efficiency. According to Coque and Gallais (2006) several studies indicated that the 
genetic variability of nitrogen use efficiency appears to be differentially expressed depending on 
the nitrogen level. Significant interactions were reported by Moll et al. (1987) between hybrids at 
different nitrogen levels for yield. These significant interactions were only found under high 
nitrogen levels. Ribaut et al. (2007) reported that nitrogen deﬁciency increases the anthesis-
silking interval, enhances kernel abortion, accelerates senescence, and reduces ﬁnal ear and grain 
number. Shaver & Melillo (1984) reported for three species of marsh graminoids grow on 
growth chamber, nitrogen use efficiency decreases under high nitrogen availability. Identifying 
genotypes that are nitrogen use efficiency will improve the crop profit by farmers but also 
decrease the environmental impact of nitrogen into the ecosystem. 
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  Genetic analysis revealed that yield is affected by many genes with small effects as 
expected in a complex trait. Although genetic improvements are partially responsible for maize 
yield increase several other factors impact yield as nutrient availability, row spacing, plant 
density, leaf angle, root system, among others. Yield heritability is usually reported low to 
moderate size. Bolaños and Edmeades (1996) reported for grain yield a broad-sense heritability 
average of 0.6.  Heritability for a set of 99 recombinant inbred lines under two nitrogen levels 
grown for two years were found between 0.54 and 0.52 for high nitrogen input and 0.51 and 0.27 
for the lower nitrogen application (Bertin and Gallais, 2001). Also, Rosielle and Hamblin (1981) 
reported lower heritability for grain yield under low nitrogen than higher nitrogen regimes. The 
root system has an important indirect impact on yield through the tight association with other 
traits like nutrients acquisition. Also, under different nitrogen regimes it has been described that 
some root architecture traits could be directly linked to grain yield (Coque and Gallais, 2006). 
Hammer et al. (2009) reported, using simulation data, that changes of root architecture, as root 
angle, had an impact on yield response. Landi et al. (2002) hypothesize that a QTL on BIN 1.06, 
previously described by Tuberosa et al. (2002) had somewhat an impact in grain yield. Further 
work with this QTL was done by Landi et al. (2010) and concluded that this QTL ‘affects 
constitutively and consistently root features, agronomic traits, and grain yield in maize across the 
soil moisture regimes and the genetic backgrounds”. 
 
 Quantitative trait loci combine phenotypic and genetic data statistically with the aim of 
explaining the genetic basis affecting traits (Falconer & Mackay, 1996). Several QTL studies 
have been done in maize involving different nitrogen regimes. Agrama et al. (1999) analyzed 
ear-leaf area, plant height, grain yield, ears per plant, kernels number per ear, and kernel weight 
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of 214 F2:3 families under two nitrogen rates. Between two to six QTL were found for each trait. 
Hirel et al. (2001) used simple interval mapping to detect QTL associated with grain yield, 
kernel weight, grain yield, kernel number per plant, and grain metabolic efficiency of RILs grow 
under low and high nitrogen input. Gallais and Hirel (2004) detected for two nitrogen regimes 
several QTLs for physiological and vegetative traits of a set of RILs crossed to a tester. Ribaut et 
al. (2007) mapped QTL under low and high nitrogen regimes for eight traits of a F2:3 tropical 
maize populations. Liu et al. (2008) detected between two to five QTL for five root traits at 
seedling stage of maize for two different nitrogen regimes. Their study also found common QTL 
for nitrogen uptake and grain yield. Although many studies provide evidence of the association 
between root traits and other traits of the plant as lodging, grain yield and nitrogen uptake there 
is a lack of studies for the postembryonic root system.  
 
Root system architecture refers in most cases to the distribution of the different root types 
in the soil. Lynch (1995) defined root architecture has the spatial configuration of some complex 
assemblage of subunits, with the implication that the overall configuration has some functional 
significance. The root system architecture is very plastic and able to adapt to different 
environmental conditions (Williamson et al. 2001). Differences in root system architecture were 
found between species and between varieties within a species adapted to different environments 
(Filter, 2002). Typically traits measured for the maize postembryonic system remain constant 
over the years. The application of unconventional and new phenotypic methods to the study of 
root systems can facilitate the quantification of conventional traits but also the development of 
new traits. These new traits can add valuable information to understand root system development 
and its importance to the overall plant development and performance. Grift et al. (2010, 
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Appendix A) develop an imaging phenotypic tool that allowed estimating root complexity, RTA 
and STD. Root complexity refers to number of branching points by soil volume. As the number 
of branching points increase root complexity also increases. Complexity is determined based on 
the hypothesis that roots are self-similar structures and that its fractal dimension, that represents 
complexity, can be determined. All these root traits are estimated using imaging processing. The 
robustness of measurements and time efficiency to estimate root traits make this phenotypic tool 
a good instrument for the study of maize root system.  
 
 The overall objective of this study was to evaluate the effect of different nitrogen levels 
on the performance of maize cultivars that were found in previous studies to significantly differ 
for root complexity. The specific objectives were to (1) evaluate the postembryonic root system 
of a sub-set of maize recombinant inbred lines (RIL) selected from the IBM (B73×Mo17) 
population and grown under varying nitrogen levels using fractal dimensions, root angle (RTA), 
and stem diameter (STD), (2) estimate quantitative genetic parameters and map and characterize 
quantitative trait loci (QTL) affecting the postembryonic root system for these traits. 
 
3.3 Materials and Methods 
3.3.1 Germplasm  
 A principal component analysis (PCA) was applied to a set of 230 recombinant inbred 
lines (RILs) belonging to the IBM population with the goal to identify a subset of RILs with 
extreme root complexity phenotypes for the postembryonic root system. A main objective of the 
PCA is data reduction, simplifying the interpretation of the dataset. The PCA was performed on 
the phenotypic correlation matrix, obtained from the LSMEANS for the fractal dimension of six 
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images of each root system, two images of the vertical and four images of the horizontal view, 
using PRINCOMP in SAS 9.2 (SAS Institute, 2007). A set of 61 RILs selected for their extreme 
values of root complexity plus the parental lines and two checks, Lo1016 and Lo964, were 
planted at the University of Illinois Research Educational Center in Urbana-Champaign, IL. 
Lo1016 and Lo964 are part of the group of lines developed by the “Instituto  Sperimentale per la 
Cerealicoltura of Bergamo”, Italy. These inbred lines were developed with the goal to produce 
hybrids adapted to the Po Valley, Italy. Lo1016 is derived from P3396A x Lo87602. Some 
attractive characteristics of these inbred are earliness, good stay green, high kernel row number, 
and vigorous plants.  Also, specific combining ability was found in combination with Mo17.  
Lo964 is derived from selfing the commercial hybrid P3183. Some attractive characteristics of 
these inbred are high kernel density, high yield, deep green leaves, brachitic stalk, among others. 
High general combining ability was reported toward the Lancaster materials (Bertolini et al., 
1991). 
  
3.3.2 Experimental Design and Sampling  
 The experimental design in all years and across all nitrogen treatments was a randomized 
incomplete block design with 65 entries, three replications, nine incomplete, and five entries per 
block. Experiments conducted under low (0 kg ha
-1
) and adequate site-specific (180 kg ha
-1
) 
nitrogen levels were planted in adjacent fields at the University of Illinois Research Educational 
Center in Urbana-Champaign, IL, in years 2009 and 2010. Each plot was a single row of 4.6 m 
length with 0.76 m between rows and 25 plants per row.  
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3.3.3 Phenotyping 
 The first plant of the row was discarded to reduce environment effects and the 
consecutive five are tagged with a barcode that contains pertinent information about the root and 
its position in the field layout. Before digging each plant was cut at its third and uprooted 
ensuring that for each plant a cubic volume of 0.3 m*0.3 m*0.3 m root core was recovered. After 
digging all plants were taken to the Agricultural Engineering farm of the University of Illinois, 
for cleaning and imaging processing. Plastic tub were filled with roots and water, and roots were 
soaked to remove most of the soil attached to the root system. Following this step each root was 
thoroughly clean with high-pressure water jets. The average time require per root to dig, soaking 
and cleaning using high-pressure water jets was about five minutes. 
 
3.3.4 Trait Evaluation 
 For each root four images of the horizontal and two of the vertical views were acquired. 
These images were acquired by rotating each root in 90 angle degrees increments. Fractal 
dimension was determined for each image using the classical “box-counting” method, which was 
implemented in a Matlab® program.  This method consists of applying a fine grid across a 
binary image and counting the number of pixels that coincide with the root image. Subsequently, 
the grid size is increased by a factor 2 and the procedure is repeated until the grid size is equal to 
the image size. The average of the two vertical and the average of the four vertical views were 
used for further calculations. To estimate RTA the maize root topology was idealized where the 
stalk is approximated by a cylinder and the root section is approximated by a cone. Each image 
was split in a left and right hand semi-image to calculate the Left and Right Root Angles 
independently. For each image RTA was determined as, )(180 RALARTA  where LA and 
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RA correspond to the left and right angles, respectively. STD corresponds to a measure in pixels 
of the stalk length (Grift et al. 2010, Appendix A). 
 
3.3.5 Data Analysis  
 In a first step an analysis of variance (ANOVA) was performed for all traits across both 
years and both nitrogen treatments in order to detect the presence of significant effects. We 
applied the following model:  
ijklmlmijilmlm
mijkmijimmlijklijillkijjiiijklmy




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)()()()()()(
)()()(
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 [Eq. 1]
 
 Where, ijklmy  represents the phenotypic plot mean of a genotype m, μ is the overall mean,  
i  is the random effect of the i
th
 year, β(i)j  is random the effect of the j
th
 rep in the i
th
 year, kij)(   
is random the effect of the k
th
 block in the  j
th
 rep of the i
th
 year, l is the fixed effect of the l
th
 
nitrogen application, il)(  is the random effect of the l
th
 nitrogen application by the i
th
  year 
interaction, lij)()(  
is the random effect of the l
th
 nitrogen application by the j
th
 rep in the i
th
 
year interaction, lijk )()(  is the random effect of the l
th
 nitrogen application by k
th
 block in the  
j
th
 rep of the i
th
 year interaction, m   is the fixed effect of the m
th
 genotype, im)(  is the random 
effect of the m
th
 genotype by the i
th
 year interaction, mij)()(  
is the random effect of the m
th
 
genotype by the j
th
 rep in the i
th
 year interaction, mijk )()(   is the random effect of the m
th
 
genotype by the k
th
 block in the  j
th
 rep of the i
th
 year interaction, lm)(  is the fixed effect of the 
m
th
 genotype by the l
th
 nitrogen application interaction, ilm)(  is the random effect of the m
th
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genotype by the l
th
 nitrogen application by the i
th
 year interaction, lmij)()(  is the random effect 
of the m
th
 genoype by the l
th
 nitrogen application by the j
th
 rep in the i
th
 year interaction, and 
ijklm  represents the random residual error distributed as NID ),0(
2 . The model on Equation 
(1) indicated non-significant effect for the nitrogen application, so the term was removed from 
the model and a new model was design. This second model was fitted by consider each field as 
an independent field disregarding the previous nitrogen treatments. LSMEANS of the plot means 
for all the individual traits across the years were calculated using the model: 
ijklmmijkmijimmlijkkijjiiijklmy   )()()()()( )()()(     [Eq. 2] 
 Where, ijklmy  plot phenotypic mean of a genotype, μ is the overall mean, i  is the 
random effect of the i
th
 year, ji)(  is the random the effect of the j
th
 field in the i
th
 year, kij)(  is 
the random the effect of the k
th
 replication in the  j
th
 field of the i
th
 year, lijk )( is the random effect 
of the l
th
 block in the k
th
 replication in the  j
th
 field of the i
th
 year, m  is the fixed effect of the m
th
 
genotype,  im)(   is the random effect of the m
th
 genoype by the i
th
 year interaction, mij)()(  is 
the random effect of the m
th
 genoype by effect of the j
th
 field in the i
th
 year interaction, mijk )()(  
is the random effect of the m
th
 genoype by effect the k
th
 replication in the j
th
 field of the i
th
 year 
interaction and ijklm   represents the random residual error distributed as NID ),0(
2 . 
Heritability were estimated on an entry-mean basis as described by Hallauer and Miranda 
(1998): )/ˆ/ˆˆ/(ˆˆ
22222 reeh egegg   , where 
2ˆ
g  represents the genotypic variance 
component, 2ˆ ge  represents the genotype-by-environment interaction variance component, and 
2ˆ
e  represents the error variance, r represents the number of replications, and e represents the 
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number of environments, for each trait were obtained from ANOVA using MIXED procedure in 
SAS (SAS Institute, 2010).  Due to the non-significant (p<0.05) of RTA genotypes, repeatability 
was estimated on an entry mean basis for the year 2010, were pedigrees were significant, as 
)/ˆˆ/(ˆˆ 2222 rh gg   , where 
2ˆ
g  represents the genetic variance,
2ˆ  represents the error 
variance, and r represents the number of replications. Pearson correlation coefficients were 
estimated with the procedure PRC CORR in SAS to test for the significant correlations among 
all traits All analyses were performed using SAS statistical software 9.2 (SAS Institute, 2011).  
 
3.3.6 QTL Analysis 
 The genetic map for the randomly mated B73×Mo17 (IBM) population (Davis et al., 
2001) is comprised of  1000 RFLP and  850 simple sequence repeat (SSR) markers (Coe et 
al., 2002). In this study, the genotypic data consisted of 1167 markers evenly distributed across 
the maize genome. A composite interval mapping approach was employed for QTL detection 
and estimation of the QTL effects for each trait. A LOD threshold of 2.5 was chosen for 
declaring a putative QTL significant. The additive effect for each QTL was estimated as a = 
(MB73 – MMo17) / 2, where MB73 
and MMo17 represent the phenotypic mean of all RILs carrying the 
allele of parents B73 or Mo17, respectively. The linkage map was plotted by scanning each 
chromosome in one cM steps. The R
2
 was determined based on the closest marker of the target 
QTL. Two QTL were declared “common” if detected in the same BIN interval. All necessary 
calculations were performed with QTL Cartographer Version 2.5 using composite interval 
mapping. 
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3.4. Results 
3.4.1 Phenotypic Trait Analysis  
 Differences between nitrogen treatments were not significant for all traits. Therefore, this 
fixed effect and all its interactions were removed from the model (Eq. 1). The reduced model 
(Eq. 2) was used for the all subsequent analyses.   
 
Recombinant inbred lines significantly (P < 0.001) differed for their root fractal 
dimensions (Tab. 3.1).  Estimates of root fractal dimension varied between 1.73 and 1.85 with a 
mean of 1.79 for vertical root images (FDV) and between 1.77 and 1.85 with a mean of 1.81 for 
horizontal views (FDH) of the same roots. Roots of parental inbreds B73 and Mo17 showed the 
same root complexity with FDV values of 1.79 and 1.81 and FDH values of 1.83 and 1.81, 
respectively(Fig. 3.1, 3.2). Estimates for RTA varied between 40.11 and 66.13 with a mean 
52.64 (Fig. 3.3). Roots of parental inbreds B73 and Mo17 were 38.63 and 58.36, respectively 
(Table 3.1). Significant differences (P < 0.001) between RILs were found for their stem diameter 
(STD) estimates. Estimates of STD varied between 98.38 and 180.16 pixels with a mean value of 
140.56 pixels (Fig. 3.4). Significant differences (P < 0.001) were also found between parental 
inbreds B73 (177.81 pixels) and Mo17 (138.91pixels) (Table 3.1). Genotypic variances among 
RILs were highly significant (P < 0.01) for all traits but RTA. Estimates of 2ge  were 
significantly (P < 0.001) greater than zero for all other traits. Estimates of  2g  among RILs were 
significantly (P < 0.001) smaller for FDH than for FDV. Heritability estimates on an entry mean 
basis were high (
2hˆ  > 0.54) for all traits (Table 3.1). Phenotypic and genotypic correlations 
between FDV and FDH were high (rp=0.92
**
, rg=0.95
++
 ). Both root complexity measures were 
positively associated with SD and TA. All phenotypic and genotypic correlation coefficients 
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among these traits were highly significant (P < 0.01) except for FDH and TA with rp=0.17 and  
rg=0.22
+ 
(Table 3.2). 
 
3.4.2 Quantitative Trait Analysis  
 Four QTLs on chromosome 1, 3 and 6 were found for FDV. These QTLs explained 
between 14.1% (BIN 1.06) and 21.3% (BIN 3.09) of the proportion of phenotypic variation 
explained by the respective QTL. Both parents alleles that increased root complexity (Table 3.3).  
The largest QTL effect for FDH was identified on BIN 6.01 explaining 22.41% of the proportion 
of phenotypic variation explained by the respective QTL. QTLs were identified for FDH on 
chromosomes 1, 5 and 6 and both parents contributed alleles that increased root complexity 
(Table 3.4).  Two QTL for RTA were detected on chromosomes 2 and 6, with B73 alleles 
increasing RTA. These QTL explained between 12.23% (BIN 6.06) and 17.86% (BIN 2.04) of 
the proportion of phenotypic variation explained by the respective QTL (Table 3.5). Three QTL 
for STD were detected on chromosomes 1, 6 and 8, with Mo17 alleles increasing SD, whereas 
B73 alleles decreased SD. The QTL on BIN 1.09 explained the largest proportion of the 
phenotypic variation (R
2
 = 18.04%) (Table 3.6). No common QTL were found for the different 
root traits measures for the postembryonic system.  
 
3.5 Discussion 
 Nitrogen is the most important yield determining plant macro nutrient. However, it needs 
to be carefully managed, due its impact on the environment and the rising costs associated with 
this input. According to Tilman et al. (2002) nitrogen fertilizers increases crop input costs and 
impact soil, water and air quality negatively. Air and water nitrogen is associated with human 
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health risk as respiratory and cardiac diseases, and cancer (Townsend et al. 2003; van Maanen et 
al. 1994; Gupta et al. 2000; Hill. 1999).  Nitrates can have a significant impact on the ecosystem 
(CENR. 2000). This impact is broadly observed in areas associated with high rainfall or intensive 
irrigation, and soils drained for agricultural use (Byrnes, B.H. 1990). The Gulf of Mexico is a 
broadly used example of the adverse nitrogen effects. The low level of oxygen found at the Gulf 
of Mexico has a significant impact on the ecosystem but also a financial impact on the fishery 
and shrimp industry. Agriculture in the Central US is the main source of nitrates in the Gulf of 
Mexico (Keeney and Hatfield. 2008).  Developing maize hybrids that are nitrogen efficient are 
an important nitrogen managing tool. Nitrogen efficient maize hybrids should provide a similar 
amount of yield with less nitrogen application. Moll et al. (1987) developed single cross hybrids 
for high grain yield, high levels of prolificacy, and high values for the components of nitrogen 
use efficiency. Selection of hybrids was effective in improving yield at high nitrogen supply as 
well as nitrogen use efficiency, nitrogen uptake efficiency, and efficiency of utilization of 
accumulated nitrogen. 
 
 Nitrogen use efficiency is affected by the amount of nitrogen supplied. Nitrogen use 
efficiency can be defined as the ratio between grain yield and nitrogen fertilizer supplied. 
Nitrogen use efficiency can be due to the plant’s efficiency of recovering nitrogen from the soil 
or the efficient use of nitrogen to produce grain yield (Moll et al. 1982).  However, after a certain 
threshold level nitrogen use efficiency decreases with additional inputs of nitrogen (Banziger et 
al. 2000). Most of the selection has been done in high nitrogen environments. Although, Presterl 
et al. (2003) demonstrated that selection under low nitrogen is more efficient to improve nitrogen 
use efficiency for grain yield. McCullough et al. (1994) conducted an experiment using modern 
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and old hybrid to study the improvements of hybrids on nitrogen uptake and partitioning. They 
concluded that the higher nitrogen efficiency under low nitrogen supply of the new hybrid was 
related with higher nitrogen uptake and higher leaf nitrogen per unit leaf area.  
 
 Root systems play an important role in the acquisition and transport of nitrogen to other 
parts of the maize plant. According to Marschner’s textbook “Mineral Nutrition of Higher 
Plants” (1986) “the distribution of roots in soils can be modified by the placement of fertilizers. 
Rooting density increases several fold in zones where the concentration of nutrients, especially 
nitrogen, is high.” Based on this we expected that plants respond to the presence of nitrogen but 
not to its absences. Or at least the response is more dramatic if nitrogen is given. Therefore, our 
hypothesis is that plants with an inherently more complex root system have an advantage under 
low nitrogen conditions. Other studies reported effects between root and nitrogen. Liu et al. 
(2009) described an increase of root growth at lower nitrogen levels. Also, Chun et al. (2005) 
found that at low nitrogen inputs, in general, the average length of axial roots increased while the 
number of axial roots per plant decreased. However, Marschner (1986) also reports “A low 
nitrogen supply during early growth stages, therefore, leads to an increase in the soil area 
explored by the roots, the subsoil in particular”. Effects of nitrogen on root morphology are also 
modulated by other factors as soil temperature and application time. Lal, R. (1974) described that 
for maize seedlings the root nitrogen concentration decreased as the temperature increased. 
Regarding application time for nitrogen Binder et al. (2000) concluded that the greater the maize 
nitrogen deficiency, the greater the response to nitrogen fertilizer application.  
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 In contrast to our expectation, no significant differences for the different nitrogen rates 
were found for complexity as well as for the traits RTA and STD.  This finding can be explained 
by (1) an increase in the number of lateral roots under low nitrogen and/or (2) the nitrogen 
treatment had no effect on the number of lateral roots. By increasing the number of branching 
points, the root system increases the surface area and intensifies the competition for essential and 
limited resources as nitrogen. According to fractal geometry a straight line has a dimension of 
one independent of its length. Therefore, if plants respond to low nitrogen conditions by lateral 
root elongation, root system complexity determined by its fractal dimension would not be 
affected. However, higher fractal dimensions are expected if plants responded to low nitrogen by 
increasing the number of branching points. Our inability to differentiate between high and low 
nitrogen treatments could also be explained by high levels of residual nitrogen in our 
experimental fields. The amount of residual nitrogen could have been enough to induce the 
formation of lateral roots, leading to the non-significant differences among treatments. This 
hypothesis is supported by the findings of Granato and Raper (1989), which showed that roots 
growing in low nitrogen treatments responded with an increase in initiation and elongation of 
lateral roots when exposed to a localized supply of nitrogen. Drew et al. (1975) grew barley in 
sandy columns and reported an increase in number and length of lateral roots in contact with 
nitrogen. We also measure above ground traits for this experiment. We found that stay green, 
anthesis-silking interval and seed fill length were significantly different between nitrogen 
treatments; however, yield per plant was not significantly affected (data not show). 
 
 Root angle is an important adaptive trait. Wide root angles allow exploring more of the 
top soil while narrow angles explore deeper soil layers.  For example, under drought stress roots 
 140 
 
with narrow angles reach water available at deeper soil layers. According to Kiesselbach (1980), 
crown roots at the first node grow horizontally and then change direction while crown roots at 
higher nodes grow predominantly in a vertical direction. The growth direction of a root is 
determined by environmental effects, as temperature, soil conditions, and genetic. Hammer et al. 
(2009) simulated how root angles affect yield. A significant change in yield responses was 
observed by changing the angle. Also, root system architecture and water capture had a greater 
impact on yield change on the Midwest than canopy architecture. The 61 RILs used in this study 
were selected primarily based on their root system complexity. No information was available for 
their RTA and STD. We found that the selected RILs were significant for RTA in 2010 but not 
in 2009, also the parental lines were significantly different of each other in 2010.  
 
 The stem diameter is affected by several factors, i.e., plant density, environmental issues, 
and interspecific competition for light increasing apical dominance. We were interested in 
determining the STD because we hypothesized this trait might be associated with other traits as 
grain and biomass yields. In our study, we detected significant differences between RILs for 
STD as well as a significant difference between the parental lines. Further work should be done 
to corroborate our hypothesis. Significant positive phenotypic correlations were found between 
FDV and FDH.  Following the assumption that root systems are fractals, i.e., self-similar objects 
(Eshel, 1998), we assumed that fractal dimension measures of the root core and complete root 
systems are highly correlated. We hypothesized that the tight phenotypic correlations for root 
complexity between FDV and FDH might provide circumstantial evidence of self-similarity. 
Although the correlations between FDV and FDH were highly correlated their correlation with 
RTA was highly variable. RTA was moderately correlated with FDV but not significantly 
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correlated with FDH. The phenotypic correlation between STD and FDV and FDH were 
moderate. RTA and STD were significantly negative correlated suggesting that an increase on 
the RTA would decrease STD. Another explanation is that RTA and STD are independent traits 
that respond independently to the environmental conditions. Besides the phenotypic correlation 
we also determined correlations caused by genes that affect both traits simultaneously. High 
genetic correlations represent a high degree of pleiotropy or linkage between traits. These 
correlations are important because they are an indication of how traits will respond to selection. 
For example, highly positive genetic correlations between FDV and FDH indicate that selection 
on FDV is expected to increase also complexity in FDH. 
 
Unlike monogenic traits, polygenic traits are controlled by a larger number of QTL. The 
improvement of genomic tools has enhanced the accuracy of QTL detection.  Several factors can 
affect the QTL detection as the marker density, the population type and the statistical method 
used. The power of QTL detection associated with sample size has been previously described in 
the literature. Goring et al. (2001) using simulated data reported that sample size as well as the 
parameter value and study design, are responsible by power determination and biased QTL 
estimates. Allison et al. (2002) also refers that small sample size are directly involved in low 
power of QTL detection. Also, Schön et al. (2004) concluded that the power of QTL detection 
was affected by sample size, the measured trait, the threshold level and the number of 
environments. In general as sample size increase more QTL were detected. Also, larger number 
of environments, larger than four, should be used to have precise estimates for heritability. 
Bradshaw et al. (1998, 1995) measured several floral morphological traits between the flowers of 
M. lewisii and M. cardinalis. In 1995, eight traits were measured for a population size of 93 F2 
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individuals and in 1998 twelve traits were measure for a population size of 466 F2 individuals. 
Comparing only the common traits for both years in 1995, 12 larger effects QTL were detected 
while in 1998, 11 of the same QTLs were detected plus 16 additional QTL. Larger population 
size allowed detecting for more QTL but also with smaller effects. The common 11 QTL had 
smaller effects in the larger population supporting previous findings that in small populations 
QTL effects are overestimated. Due to the small size of this experiment we expected that our 
QTL map results will lead to smaller number of detected QTL with larger effects. 
 
 Unfortunately large population sizes are not always managed due to limiting factors such 
as time and resources. When we compare our QTL results with other QTL studies for root traits 
we found common QTL but also new QTL. Possible explanations for this lack of congruency can 
be the low power of QTL detection. Complex traits are governed by many QTL with small 
effects, our small population size, 61 genotypes, and the subsequent power of QTL detection 
unable us to detect small effect QTL. We can confirm this hypothesis by looking at the R
2
 
values, were the smaller value across traits is 11.97% on BIN 5.01 for the horizontal view and 
the largest R
2
 is 22.41 on BIN 6.01 also for the horizontal view. Additional reason explaining the 
lack of congruency are (2) the use of different germplasm and (3) different traits, which could be 
governed by different genes. We compared the QTL found in this study with the ones reported 
for Chapter 1. We expect to find common QTL locations since it’s the same population and the 
traits measured are root related and complexity is estimated in both studies. Two QTL were 
declared common if they were in the same BIN. For the vertical view BIN 1.06 were also 
common for FD1 and LSRN1, 3.09 with PRL and 6.00 with LSRN2. For FDH, BIN 1.05 with 
PRL2, PRL1 and FD1, BIN 5.01 with LRL2 and 6.01 with FDV. BIN 2.04 for RTA was found 
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in common with LSRN1, LRL2, and FDV. Also, for STD BIN 1.09 was found in common with 
FD1, FD2, PRL2, LSRN2 and FDH. When we compared our results with other studies we found 
common QTL for the i) vertical view with Lebreton et al. 1995; Barriėre et al. 2001; Tuberosa et 
al. 2002; Hund et al. 2004; Zhu et al. 2006; and Liu et al. 2008; ii) RTA with Lebreton et al. 
1995, Zhu et al.  2006; Messmer. 2006; and Trachsel et al. 2009; and iii) STD with Barriėre et al. 
2001. 
 
  Of all the mutants known to affect root development only four mutants are mapped. The 
seminal and shoot borne root group includes the mutants rtcs (rootless concerning the crown and 
seminal roots) and rt1 (rootless 1). The rtcs mutant lacks the formation of crown and seminal 
roots. The mutant plants survival depends solely on the primary root. The rt1 presents a 
reduction of the number of shoot-borne roots on the mutant plant. The mutation is more 
expressed in the upper nodes than the lower nodes (Jenkins, 1930). The mutant plants tend to be 
severely lodged due to the lack of root support. The lrt1 is deficient in the initiation of the lateral 
root on the embryonic root system and on the formation of crown root at lower coleoptilar node. 
After the development of crown root at the upper node no differences were found between the 
wild-type and the lrt1 plants (Hochholdinger and Feix. 1998). The rth2 (roothairless 2) mutants 
are defective in root hair elongation. The rth2 only elongate 20 to 25% of the normal root hair 
length. The upper part of the plant doesn’t show any nutritional deficiency and are vigorous. 
None of our QTL for the different traits where located in the same position as the mapped 
mutants. With the exception of the rth2 the other mutants only affect the development of the 
embryonic system suggesting that there is a different genetic control regulating the embryonic 
and post-embryonic root system (Hund et al. 2011). 
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 Nitrogen is one of the well managed tools to increase yield. The application of two 
different nitrogen treatments had no significant effects on the measured traits. We hypothesized 
that our results can be due to an increase in the number of lateral roots under low nitrogen and/or 
the nitrogen treatment had no effect on the number of lateral roots. All measured traits displayed 
high heritabilities, and moderate to strong genotypic and phenotypic correlations.  Research 
under field conditions and using high-throughput techniques will allow us to better understand 
maize root development in different environments.  
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3.7 Tables  
 
Table 3.1     Mean of the parents B73 and Mo17 and the 61 RILs derived from their cross for the 
different years, plus the variance components and heritabilities among RILs for 
postembryonic root characteristics.  
Trait B73 Mo17 RILs Min1 Max SD 
2ˆ
g  
2ˆ
ge  
2ˆ
 
2hˆ  
FDV 1.79 1.81 1.79 1.73 1.85 0.03 0.0005 0.0001 0.0004 0.78 
FDH 1.83 1.81 1.81 1.77 1.85 0.02 0.0002 0.00007 0.0002 0.87 
RTA 38.63 58.36 52.64 40.11 66.13 6.33 56.63  22.52 0.88 
STD 177.81 138.91 140.56 98.38 180.16 16.67 224.61 161.91 641.94 0.54 
1 Min = Minimum; Max = Maximum; STD = Standard deviation; Min, Max, and STD were determined for RIL 
population. 
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Table 3.2 Phenotypic (above diagonal) and genotypic (below diagonal) correlation 
coefficients among root traits estimated in a population of 61RILs belonging to the 
IBM population. 
Trait FDV FDH RTA STD 
FDV   0.92** 0.37** 0.44** 
FDH 0.95++  0.17ns 0.62** 
RTA 0.59++ 0.22+  -0.43** 
STD 0.49++ 0.69++ -0.62++  
*, **, and *** are used to show significance at the α = 0.05, 0.01, and 0.001 levels, respectively. 
+, ++, and +++ are used to show significance at the α = 0.05, 0.01, and 0.001 levels, respectively. 
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Table 3.3 Parameters associated with QTL for FDV. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73xMo17. 
BIN Pos Left Right LOD R2 (%)
 
add‡ 
1.06 523.21 bnl5.59a umc2234 5.92 14.1 0.01 
3.09 793.61 p-G2B-08 p-umc1105 4.88 21.3 -0.01 
6.00 16.01 p-umc2322 AY104923_IDP 5.02 16.3 0.01 
6.00 531.81 p-csu471 p-ZmISU111 4.01 16.4 -0.01 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 3.4 Parameters associated with QTL for FDH. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73xMo17. 
BIN Pos Left Right LOD R2 (%)
 
add‡ 
1.05 466.91 AI855190 mmp124 5.10 14.77 0.01 
1.05 478.41 umc1603 hac101b 4.22 15.18 0.01 
5.01 71.51 p-umc1260 p-Bnl7.21 3.93 11.97 -0.01 
6.01 69.21 p-umc85 p-umc1606 6.75 22.41 0.01 
6.01 81.71 p-umc1229 p-gpm8 6.38 16.40 -0.01 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 3.5 Parameters associated with QTL for RTA. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73xMo17 for the year 2010. 
BIN Pos Left Right LOD R2 (%)
 
add‡ 
2.04 265.61 p-umc2247 p-umc1448 4.04 17.86 -2.73 
6.06 139.51 p-std946034H07 p-mmpP3D05 2.86 12.23 -2.34 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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Table 3.6 Parameters associated with QTL for STD. Parameters were estimated from the 
phenotypic data of 61 RILs derived from the cross B73xMo17. 
BIN Pos Left Right LOD R2 (%)
 
add‡ 
1.09 827.01 csu696 chrom7 3.96 18.04 7.58 
6.02 147.71 p-umc1257 p-psb108 3.30 12.22 5.88 
8.04 323.81 AY104017_IDP p-gta101 4.53 16.99 7.33 
† 
BIN locations are designated by an X.Y code, where X is the linkage group containing the BIN and Y is the location of the BIN  
within the linkage group (Gardiner et al., 1993). 
‡
 Additive genetic effects were estimated in a simultaneous fit using multiple regression. 
§
 R
2
 = Proportion of phenotypic variance explained by the respective QTL. 
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3.8 Figures 
 
 
 
 
Fig. 3.1  Distribution of the least square means for FDV of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 3.2  Distribution of the least square means for FDH of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 3.3  Distribution of the least square means for RTA of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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Fig. 3.4  Distribution of the least square means for STD of 61 
RIL along with the parents B73 (B) and Mo17 (M). 
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APPENDIX B 
 
Table B.1      Mean for two root systems rotated in one degree increments.  
 
Mean STD Min Max 
V_R1 1.73 0.008 1.71 1.74 
H_R1 1.73 0.009 1.71 1.75 
V_R1 1.61 0.003 1.61 1.62 
H_R2 1.68 0.010 1.66 1.70 
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Fig. C.1    Reference map of the QTL analysis. The scale indicates the position on the map in cM. Numbers on the right indicate the bin number of 
each chromosome. Combination of a letter follow by Arabic numeral refers to the measure trait at a certain time point, if follow by a 
Roman numeral refers to the chapter number. 
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Fig. C.1 (cont.)   Reference map of the QTL analysis. The scale indicates the position on the map in cM. Numbers on the right indicate the bin 
number of each chromosome. Combination of a letter follow by Arabic numeral refers to the measure trait at a certain time point, 
if follow by a Roman numeral refers to the chapter number. 
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